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AHHOTAIIUSA

Pemenne HenMHENHHBIX YpaBHEHMHM B YacCTHBIX IPOU3BOJHBIX MOTYT OIPEIENATH
3Ha4YeHHE Oe3pa3MEepPHBIX HEM3BECTHBIX (PYHKIUHN ¢ OONBIION BEIMYMHON (Hampumep,
Oounbiioe umcio PeiiHonbiaca). [Ipu 3TOM OHM CBOHIATCS K CYETHOMY KOJIHYECTBY
OOBIKHOBEHHBIX HEIMHEWHBIX Au(QepeHnnanbHblx ypaBHeHUN. TypOyleHTHBIE
pEIIeHHUs], KOTOPbIE COOTBETCTBYIOT OOJIBIIUM 3HAUYEHUSM HEM3BECTHOW (YHKIIUH,
OKa3bIBAlOTCS KOMIUIEKCHBIMHU. llepexos OT JAeWCTBUTENBHOIO pEIIEHUs K
KOMIUIEKCHOMY TYpOYJIEHTHOMY pEIICHHIO peaqu3yeTrcss uepe3 OeCKOHEUHOCTb
paBOM 4acTU OOBIKHOBEHHOW cUCTEMBI JU((HEepEeHIIMATBHBIX YPAaBHEHUH, K KOTOPBIM
ceoautcss ypaBHeHue Haspe - Crokca. [lpm 3TOM aelicTBUTENBHOE peELICHHE
ypaBHeHus: HaBbe — CTOKCA ompenenseT CTPEeMAITYOCs K 0ECKOHEUHOCTH (DYHKITHIO.
[Ipy 3TOM  KOMIUIEKCHOE pELIEHHE KOHEYHO. BpluucieH Ko3QpuiueHt
COTIPOTUBIICHUSI TOTOKA JKUJIKOCTH B KpPYIJIOM TpyOOINpOBOAE TPU Pa3HbIX

[IEPOXOBATOCTAX CTEHOK TPYOOIPOBOJA.

1. Yuer namunapHoro penierus ypapaenuss HaBre — CTokca

3navenue koappuyuenma - conpomuenenus Kpyeno2o mpyoonpogooa  npu
npousgonvHom uucie Petinonvoca u cmenenu wepoxosamocmu u38eCmHoO MoabKo U3
akcnepumenma. Ilpeonazaemcs ¢ nomMowwblo KOMHWIEKCHO20 peueHUs Noxyyums
peuwtenue ypasnenusi Haeve — Cmoxca u na ochose KauecmeeHHbIX CO0OpaiCeHUl
onpedenums GIUAHUE WEPOX08aAmMocmu Ha peuieHue ypasHenus Haeve — Cmoxca.
Ilpu smom c¢ mounocmero 10% yoanoce nocmpoums Kiaccuveckue epaguxu
Huxypaosze 3asucumocmu koagpgpuyuenma conpomusnenus kpyaio2o mpyoonposooa

6 3asucumocmu om npou3eo0jIbHO20 Yucia Petinonvoca u cmenenu wepoxosamocniu.



Bgenenue

[IpoGnema omnucaHus ABUKEHHUS S>KUJKOCTH B TYypOYJICHTHOM pEXKUME He
perieHa. OTo co3aeT TPYAHOCTH MPHU pacueTe HEPTAHBIX, TA30BBIX TPYOOIPOBOIOB.
Kpome Toro, He CyliecTByeT TEOPETHUECKUX METOJIOB OMMCAHUS JIBHXKEHHUS Teja B
TypOyJIeHTHOH cpene. OTO W ONHMCAaHUE JABUKEHHUS JIETaTeJbHOTO ammapara,
JIBYDKEHUST TIOJBOAHON JIOMKM WJIM HAJBOAHOTO KOPabis B TypOYICHTHOM pEXUME.
be3 wucnonb3oBaHUS MOJEIMPOBAHUS JBUXKYIIETOCS Tela B a’pOJMHAMHYECKUX
TpyOax, WM BOJHBIX OacceiiHaX, HEBO3MOXHO MPOCKTUPOBAHME IBIKYIIUXCS B
Bs3koi cpene Ten. CymecTByloT NpUOMMKEHHbIE (OPMYIIBI  anmpOKCHUMAITIN
K03 puiMeHTa COmpoTUBIEHU TpPyOONMpoBOAa HA OTAEIbHBIX YYacTKax 4YHcCIia
Petinompaca cm.[1],[2]. M3BecTHBI KiIaccWuecKwe SKCIEPHUMEHTAIbHBIC TpaduKu
Hukypaaze 1o omnpeneneHuto  Ko3(p(GUIMEHTa  CONPOTUBIEHUS  KPYIIIOTO
TpyOOTIpOBO/Ia B 3aBHCHUMOCTH OT 4HCia PelfHomblica M CTENEeHH MIePOXOBATOCTH.
[Ipumensiercst annpokcumanus KOHBEKTMBHOIO 4YJIEHA, CBOASIIAs 3a/ladyy pEIIeHUs
ypaBHeHus HaBbe — CTokca K JuHEHHOM ¢ 3 PeKTUBHON TYpOYJIEHTHOM BSI3KOCTHIO.
Ho takoe mpeoOpazoBanue uckaxaer pemeHue ypaBHeHus HaBbe — CTokca u jis
COBIAACHUS C IKCIIEPUMEHTOM KOIPPUIUEHT TypOyJIECHTHON BSI3KOCTH MOXKET UMETh
IPOU3BOJILHOE 3HAuY€HHME, BIUIOTH JO OTpuuarenbHoro. Ilpumensercs wmetoa
lanepkuna, cBOASIIMKA PENICHHE 3aa4¥ TUAPOAMHAMHUKH K CUCTEME HEJIMHEMHBIX
0OBIKHOBEHHBIX U depeHnnanbHbIX ypaBHeHu. Ho mpu TypOyjaeHTHOM pexume
ATa CUCTEMA HEJIMHEWHBIX YPaBHEHUN MUMEET KOMIUJIEKCHBIC TTOJIOXKEHUSI paBHOBECHS,
T.e. perieHrue KOMIUIeKCHOoe. M nelcTBUTEehHO B TYpOYJECHTHOM PEXHUME CHUCTEMA
YpaBHEHUN TUJIPOJUHAMUKN B JEHUCTBUTENBHOW IJIOCKOCTH HE HMMEET pelleHus,
pellIeHre ypaBHEHUS CTpeMUTCS K OeckoHedHOcTH cM. [3]. IIpm 3TOM KOMIUIEKCHOE
penieHMe KOHEYHO. DU3MYECKUH CMBICT KOMIUIEKCHOTO PEIIEHHsT U €ro
KojieOaTeNIbHbIN Xapakrep MHHUMOW dYacth cM. [4], [5]. T.e. pemars 3amady
TUAPOIMHAMHUKY B TYpOYJIEHTHOM PEXHME HAI0 B KOMIUIEKCHOHM TockocTH. [Ipm

9TOM Typ6YJICHTHOC pEUICHUC OIPCACIIACTCA HC OAHO3HAYHO, a4 MMECTCA CUCTHOC



KOJINYECTBO BETBEU PEILICHHUS.

1.1.Pacyet TpyOONpOBOA C KPYIJIBIM CEUCHHEM

B CJiydac HEC)KMMaeMou KHNIKOCTH

Peanuzanmeil naHHOro ajaropuTMa peIIeHHE SIBISIETCS pacyeT TpyOoIlpoBoja C

KpPYIJIbIM CeUYeHHEM. Pemenue 3amaun 0 TpyOOIIPOBOIE C KPYIIIBIM CEUCHHEM, OyaeM
uckarb B Buze V, =Vg(t)[1-r 2] az(z)] B IIIJIMHJIPUYECKONM CHCTeME KOOpAUHAT. Tak
KaKk  BHEIIHEEe  BO3JCHCTBHE  WMEETCS  TOJIBKO  JIII  TPONOJBHOM  OCH

P()=p,+ 1 F2

z, tne P,,P, naBnenne B HavanbHOM M KOHEYHOW 4YacTH
TpyOompoBona, BenwmumHAa L 3TO jqmHA TpyOONpOBOMA, paauWaIbHONW W YIIIOBOM
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CKOpOCTBIO TIpeHeOperaeM. BuemrHee Bo3aeiictBue paBHo h, :T' CormnacHo

opMVJIC I'pPaaAUCHT AABJICHUS PABEH — OJ1 UM dBHCHUC
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IloacTaBnseM 3Ha4eHUE CKOPOCTH, MOJIYYUM YPAaBHEHUE
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YMHOXKAEM 3TO YpaBHEHHE HA PaJNyC U MHTETPUPYEM OTO YPABHECHHUE MO PAJUYCY,

Tak kak cuctema KOOpAWHAT HUJIMHAPHUYICCKAs, IOJIYyUUM

WV, (R -R)a’* Ly ada
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JInst moiyyeHus] CYETHOTO KOJMYECTBA pEIleHUi, YMHOXaeM 3TO ypaBHEHHE Ha
2 2\n
¢ynkuuto r(l—-r°/a°)” um wmaTerpEpyeM mo mpoctpaHcTBy. [lomydaem cueTHOE

KOJTMYECTBO TYpOYJACHTHBIX PpEIICHUM, Kak JUisi TJIAaJKkoW, Tak M IIEPOXOBAaTOM

noBepxHocTH. CranuoHapHoe JamuHapHoe pemenue da/dz=0 omnpenensercs



onHo3HauyHo. [Ipum 3TtoM, kak m y ypaBHeHusa llpenuHrepa mnosrydaercst CUETHOE
KOJIMYECTBO TYPOYJIECHTHBIX PEIICHHH, KaXKI0€ CO CBOEH cOOCTBEeHHO YHepruei. [Ipu
NEepEXole W3 OJHOIO COCTOSIHUS B JIPYro€ M3JIy4aeTCs JOUCKPETHAs SHEPrusl.
MuHuMyM COOCTBEHHOM SHEPTUU ONPENEISIET BHIOOP pEIICHHS.

bepss Monmynp mnpaBoil 4acTM, WM HAaxoldsd CPEOHUM MOIYyJb TAaHIEHCa yIia

OTKJIOHCHM, ITIOJTYUUM
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B ciydae BeIOOpa 3HaKa MHUHYC y 3HAYCHHs CPEIHEr0 MOIYNSl TAHICHCA yriia

orkionenuss <|da/dz[>, momyduTcs, 4TO IMIEPOXOBATOCTH YBEIMYMBAIOT CKOPOCTH

dV,
ITIOTOKA, TaK KaK MOJIHAsl POU3BOIHAS d_to YBEIIMUUTCS, YTO HEMPABUIIBHO, CKOPOCTH
NOTOKA JI0JKHA YMEHBIIATBHCS 3@ CUET LIEPOXOBATOCTEM.
[Tpu Bepenun TypOyIEHTHOH BA3KOCTHU HMCHOJIB3YETCS OTPHUILATEIbHBINA 3HAK Y
CpPEHEe CKOPOCTH, CBSI3aHHOM C KOPPEJSAIIMOHHON (PyHKI[MEH CKOpOCTH Tporiecca
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MOAYJIIO TaHI€HCa HAKJIOHA MMCPOXOBATOCTH. YPaBHCHI/IC ABMIKCHHUA € YUYCTOM
BO3MYIIICHUA UMCCT BUI
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T.e. KOHBEKTHBHBIM UJIEH HY)KHO OpaTh ¢ y4€TOM MHHYCa, MPUYEM NPABYIO 4YaCTh
(1.1.1)6parb co 3HakoM Imrroc. Kpome Toro, HajJo BHIOMpATh 3HAK ILIIOC Y CPEITHETO
TaHTE€HCA MOJYJIS HAKJIOHA IIEPOXOBATOCTH, YTOOBI TOJYYUIIOCH KOMIIJIEKCHOE
TypOyJIeHTHOE pelnleHue. B NpoTUBHOM cllydae, pelieHue, ONUCHIBAIOIIee

NYJIbCUPYIOIINAN TYPOYJICHTHBIN PEKUM HE MOTYIHTCS.
2
[Tepexonst oT paauyca K quaMeTpy TpyOOnpoBoja u pasaeaus Ha Benmuuuny VK /(dl),

IOy YUM
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T _(R-R)I°R,
=R - 2R°R°r+ T oL (1.1.2)

r=24 D//(Rcrdz), R, =V,d /V1/ R, =<|da/dz[> 12=k/| =<[tang |>

Ecan xe ncnonb3oBaTh APYr'yrl0 BE€TBb KBAaJApPaTHOI'O0 KOPpHA M3 AUCIICPCHH, TO

IIOJIyYMM HE YCTOMYMBOE PELICHNE U YPAaBHEHUE

R =-R-2RR, + 1.

Torma CTaMOHApPHOC PCIICHUC IIPU OO0JIBIITIOM nepenanc JaBjICHUA UMCET BU

Ry =Ry +VRv:2r +T/8.

JlamuHapHoe pellieHre 3TUX JBYX ypaBHEHUM obiiee. B TypOyleHTHOM pexume Mpu
OONBIINX ABICHUSIX UMEET JIMHEHHYIO0 3aBUCUMOCTh uucia PeliHonmpaca OT KopHs
u3  pasineHus. I[lo Mepe yBenuuyeHHs MOaBIEHUS pacTeT M 3HAYEHUE YHUCTA
PertHonbACa, 4TO yBEnMUMBAeT NaBicHHUE. T.€. pelIeHHe HE YCTOMYHMBO. B ciydae

KOMIIJICKCHOI'O pCIICHUS OHO PAaBHO

Ry =R, ~i\T/8-R. .

[Ipu >TOM C POCTOM HaBJICHHs pacTeT MHUMAsl 9aCTh CKOPOCTH, YTO HE MPUBOIUT K
pPOCTY IEHCTBUTEIHHOTO TaBICHUSI.

Ecmu  mukpo-mepoxoBaroctu  <|tar@[> pacnpenencHbl MO BCed MOBEPXHOCTH
TpyOOTIpOBO/Ia, OHM HAXOMATCA W HA MAaKpOIIEPOXOBATOCTIX H  OMPEAEISIOT
KpUTHYECKoe 4YHciio PeifHonbaca u KOA(PQOUIMEHT COMPOTUBICHHS TIPU YHUCIE
Peitnonbaca, paBHom 2300. MHUKpPO-IIIEPOXOBATOCTU HMMEIOT MOJIEKYISIPHYIO

NPUPOJly W OMNPENENHSAIOTCS CPEJHUM pa3MEpPOM aTOMa, pPaBHBIM CpEIHEMY
reOMETPUUECKOMY MEKIY pa3MepoM sizipa [, U pasmMepoM opbutel bopa 0 =,/1,8, ,

npu paccrosHun Mexay aromamu a=3.04ZA, paBHOMY HEKOTOpPOW BEIUYUHE,
OIpeNeNIIeMO  CBOWCTBAMH TPaHUIBI TPyOONpOBOJAA, JKEJIE30M, TUTAHOM U

yrmeponoM. PaccrosHue Mexny atomamu kenesa ar, = 287A, Mexay aroMamu

TUTaHa &g = 346A, Mexnay aromamu ymiepopa a: =3.567A cwm. [7]. Ilpu stom



a0COJIIOTHAsT BEJIMYMHA TaAHIN€HCa HAKJIIOHA  BBICOTHI MHKPO-IICPOXOBATOCTH

MOBEpPXHOCTH  MeTajuila B TpyOompoBome  ompeneisercss 1o ¢opmyie

N
h(z) =<|tang [>= > exp[-(z-na)*/20°]/(2N~/277). Cpeanuii TanreHc HakIOHa

n=—N
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Benuunna xkputnueckoro uwcna PelHOnbpAcCa OTHOCUTENBHO JWAaMETpa paBHA

R, =2300. Ho nouemy kpuTHUYeckoe uucio Peiinonsaca mis cheps pasro 3[1C°.

DTO CBA3aHO C pa3HbIM OINPEACIIEHUEM KPUTHYECKOTO yKcia PeitHonbaca. OHO paBHO

1 _da_der a1 _a y
=% - L—, rae BEJINYMHA l ot 3 dexTuBHbI,

RCr “ds ds ls 2300 I 4

TUAPOAUHAMUYECKUM pa3sMep Tella, BKIKOYas Cpely, & HCTUHHBIM I€OMETPUYECKUN

eff 1 o
pasmep Tena, IpUYEM d—:|tan¢ |=m MOJIEKYJISIPHBIM TaHT€HC HaKJIOHA
<

a a
mepoxoBaroctu. [Ipudem oTHOMIeHNe — MOXKeT uMeTh 3HadeHne — = 001
eff eff

Benuunna xputuyeckoro umcia PeiiHompaca paBHa R, =2300. Makpo-
miepoxoBaroctu  <|da/dz[> OGomee penkwe wu onpeaensoT KodhdUIUESHT

conpoTuBieHus Ha uncnax Peiinonpaca B 12 u 6onee pa3 Oonblie.
[Tonyyaem ycioBue cranMoHapHOCTH Ui ypaBHeHMs HaBpe — Crokca ¢ ydeTom

OHOT'O WICHA pAda-pCUHICHUA B OJJTHOMCPHOM CJIydac

R -2R,R, +T/8=0,
B omHOMEpHOM cCily4ae TpU TOCTOSHCTBE CEUEHHsI TPyOONpOBOMA ypaBHEHHE

HEPA3PBIBHOCTH  BBIIOJHACTCA  TOXICCTBCHHO. HaMI/IHapHOC pPEICHUC 3TOIO



YPaBHEHUS PaBHO

Ry =Ry —yR% —T/8=[R /NT R IT -1/8]NT .

Ipu BHENTHEM JaBIeHuH, paBHOM T = 8R% HauMHAETCS KOMILIEKCHOE PellleHHe
U TypOyNeHTHBIA peXHM, TaK Kak uucio PeliHompaca B 3TOM TOYKE paBHO
KPUTUYECKOMY 3HaueHHI0. [3 dKCIlepMMEHTa U MyTEM INPOJAEIaHHOTO BBIYHMCIICHUS

UMEeM 3HauyeHUWe KpuUTHYeckoro uucia PeliHonbaca Juisi Kpymioro TpyOorpoBona

R, = i W =2300. Koaddurment conporuBienus TpybdonpoBoaa ¢
an

KPYIUIBIM CEUEHHUeM orpenensiercs mo ¢opmyne (B GopMmyiny moacTaBiseM mnepernan
JaBJICHUs, BRIPAXKCHHBIN uepe3 0e3pa3MepHOe IaBICHHE)
_2APd _2TV’k _ 2T

PVEL VZdA Ry RS

Cpenussi ckopocTb, Bxojsiasi B yucio PeitHomnbaca, paBHa

A

a r2 a V d RO
V., =| rV,l——)dr/| rdr=V, /2R =23-=-—*=,
AcuMnToTrKa KO3(pQHIMEHTa CONMPOTUBICHUS TpyOoonpoBoma Ay € KPYrOBBIM

CCUCHHMCM JJIAA JIAMUHAPHOTI'0 PEKUMA BbIYUCIICHA BEPHO.

T T 2T 64
R,=Ry/2=(Ry —yR% -T /8)/20 o << Mgy = =
) CT 3R, '8R2 " Ry IRZ| [Ral

ACUMIITOTHKA TOTy4Y€HA MPU MajIoM 4ucie PelHonbAca, KOrja KOHBEKTUBHBIN YICH

Mall.

B cily4dae 0O0JIBIIIOTO nepernaaa  AaBJICHUA, nojrydyacm KOMIIJICKCHOC€

TypOynenTHoe pemenne R, =R, —iT/8-R2 =(R, /NT —i1/8-R2 /T)JT.

Ecau cuurarp TOYHECC, TO BKJIA[ Bp&H.I&TCJ'IBHOﬁ MHHUMOM 4YacCTH B MMOCTYIATCIIbHYIO

CKOPOCTb ABWIKCHHA IIOTOKa COOTBCTCTBYCT KOPHIO M3 MHHMMOM 4YacTHU COIJIACHO

dopmyne (1.1.3)



LR pexpiy)
B={allk(T. &R, /1(T.&) 1] (113)
a=20=02508/2=3/8
IIPpUYCM HCO6XO,Z[I/IMO HCIIOJB30BAaTh BCIMYHMHY OTHOIICHHUSA 4YHCIIA Perinonpnca nHa
KOPCHb U3 663paBMepH0r0 AaBJICHUA, KaK BCJIIMYHUHY IIOpAJKa CIWHUIBI B

TypOyneHTHOM pexkume. Ywucno PeliHonpaca TmMOTOKa MPOMOPLMOHAIBHO Ha

OCCKOHEUHOCTHU JaBJICHUA R~T “‘d:f/fz. HpI/I 9TOM cCaMas IT1aaKasA IMOBEPXHOCTH

COOTBETCTBYET CpPEIHEMY MOJAYJIO TaHT€HCA HAKJIOHA, paBHOMY OOpaTHOM BETUYHMHE
Kputnueckoro uwucia PeliHonpaca. Ilpuw pemeHun B BHUAE psAla  IOITYYUTCS
BBIUMCIIIEMOE JApyroe 3HadyeHue . Camas miaakas MOBEPXHOCTb COOTBETCTBYET
CpeaHeMy MOAYJIO TAHT€HCa HAKJIOHA, PaBHOTO OOpaTHOMY 3HAYE€HUIO KPUTHUYECKOTO
yucia PeliHOnb/ACA, TaK KaK caMbl€ Majible MOAYJIM TAHTE€HCA HAKJIOHA COOTBETCTBYIOT
MOJIEKYJSIPHOMY YpOBHIO MIepoxoBarocTH. [Ipu 3ToM >PQPeKTUBHBIA aUAMETP

MEHbIIIE MCTHMHHOrO auamerpa. Ilpudem oTHOmeHue 3(PQPEeKTUBHOrO AMaMeTpa K

MCTHHHOMY TIporopironansao a™*. Cpemnnmii Momyns TaHreHca yria HAakKJIOHA He
MOXET OBITh MEHBIIE MOJEKYISIPHBIX MIEPOXOBATOCTE W MHHHUMAJIBHOE €ro

3HadeHue paHo tang =1/R,. T.. BenmumHa 1 3T0 MakcHMalbHOE OTHOLICHUE

3¢(dEeKTUBHOTO JauUamMeTpa K HUCTUHHOMY Juamerpy. Jius BHemHed 3amadu

3¢ GEKTUBHBIN AUaMETP YBEIUYHUTCS, U KOdIPUIeHT [ onpenenautcs mo Gopmye

B={K(T,$o)R /1(T, &) +11/a}”.
[Tpu TOM K03 PUIUEHT Jé; POIOPIMOHANIEH

JT ~ B=<d3? > /d¥? ={a [k(T,&)R, /(T,&,) +1]}0,a=%g :g, KOTOPBIH IIpH

HYJIEBOH Makpo IIepoxoBaTocTd 3(G(EKTUBHBIN auameTp paBeH 1, T.e. mpH
YBEJIIMYEHUM CTENEHU LIEPOXOBATOCTH 3()(PEeKTUBHBIN quameTp ymeHbluaercs. [Ipu
HYJIEBOII Makpo UIEpOXOBAaTOCTU HMEETCS MHUKpPO MepoxoBaroctb. Ilpu 3tom

OTHOHICHHUC TaHI€CHCAa HaKJIOHa MaKpo IHCpOXOBaTOCTCﬁ K MHKPO HICPOXOBATOCTIAM



oonbire yem BenmunHa K/(l <|tara [>) =1.

[Ipu otHomennn |/k =30, mnomygaem 3HaueHWe d(P(HEKTHBHOTO TUAMETpA

Tpy6omnposona d. /d =[a/(2300/30+1)]¥* = 038.

[Ipn sTOoM auamMeTp H3MEHSETCA TOJIBKO y KOIPPUUIHMEHTA MyIbCUPYIOIIEH

qacTu pcCmcHuA, T.C. Y MHHUMOM 4acTv, OTKydla W BO3HHUKACT MHOXHTCIIb

B={allk(T,&)R, /I(T,&) +1]}?, Tak Kak MHUMBIA 4iE€H MPOMOPIMOHANICH

JT ~d§f/fz, KOTOpBIi ycpenusiercs. Kpamparneii xopens 4/1/8—R2/T mpu sToM

COOTBETCTBYET CPEAHEMY 3HAUEHUIO IMaMETPa.

[Ipy 3TOM yuYTE€HO BIHMSHHE MIEPOXOBATOCTU CTEHOK TYpPOYJIEHTHOrO MOTOKA Ha
MHUMYIO 4acTh yncia PeitHonbaca notoka. UToObl NOMYyYnTh rpa@uKU ¢ MOCTOSTHHOM
BBICOTOM MIEPOXOBATOCTH, HAJIO BBECTH A(P(EKTUBHBIN CpeIHUM MOJyJb TaHTEHCA

yria HakjJoOHa IepoxoBaTocTed. DM EeKTUBHBIA CpeIHUN MOIYNb TaHT€HCAa yria

k(T <o)
I(T,&o)

[Ipruem Ha OeckOHEUHOCTH YKciia PeliHombca, nin 6e3pa3MepHOro JaBjIeHUs

IHCpOXOBaTOCTCﬁ JOJDKHO 3aBHCETHh OT BHCIIHCTO JaBJICHHUA

HMCEM HICPOXOBATOCTH, COOTBCTCTBYIOLIYIO MMOCTOSIHHON BBICOTE mePoOxXoBaATOCTU

=—=—, rne K cpenHekBaapaTu4Has BHICOTA HIEPOXOBATOCTH, [, PaIHyC

I(@,é0) o <o
KPYTJIOTO CEYCHHS TPyOOIpOBOIa.

dopmyna momoOpaHa TakMM 00pa3oM, YTOOBI MPABWIBHO OMNPEICINIATH
3aBHCHMOCTh 4WCiIa PeiHONbca OTHOCHTEIHLHO BHENIHETO JIaBJICHUS W

K03 UINEHT cOnpOTUBIEHUS TPyOOIpoBOAa Mpu OecKOHEYHOM umciie PeliHonbaca
u Buemmero pasmenms IMR, =-id1/8{a/[k(e,&)R,, /1(0,&) HF}NT  mpu

1642
R, [a/(R, [ wéy +1)]%

KO3 (UITUEHTE CONTPOTUBJICHHS, PABHOM BeJTUYHHE A =
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Otn xe KO3((UIMEHTH MOIYYarOTCs MPH PEIIEHUH C MOMOLIBI0 psaa, HO

BMecTo BenuumHbl 1/8 B citydae psnma wcmonb3yercs koaddumuent 1. JIpyroe

3HAYE€HHUE KOHCTAHTHI MPUBOJUT K APYTrOMY 3HAUCHUIO KOAP(PULIUEHTA O .

HpI/I IMOCTOAHHOM CPCAHEM MOAYJIC TAHI'CHCA yIJla HAaKJIOHa IHCpOXOBaTOCTCﬁ

— =

HO pa3HOHW BBICOTE IIepoxoBaTocTeil K, moiydaercs rpaduk OTIMYHBIN OT rpaduka

Hukypanze.

100N

iL) \
a2 \
18 \ Re=2300

[

2 =

k=14
Ifk=30
Ifk=E0
k=126
k=252
k=507
Ifk=1300
Re

100 1000 10000 100000 1000000 4000000

Puc.1 I'paduk 3aBucumoctu ko3¢ pumeHTa CONpOTUBICHUS KPYTIOro

TpyOomnpoBoa oT yucia PeitHolbca mpu pa3HbIX CPEeTHEKBAAPATUYHBIX TAHT€HCAX

HaKJIOHA IMCPOX0OBATOCTHU

Ho d¢opmyna Hukypaaze momydeHa mpu HOCTOSSHHOM OTHOIIECHUHU pajuyca

TpyOompoBona I, kK cpeqHeid Beicote mepoxoBatoctu K. ®opmymna (1.1.3)conepxur

3¢ pexTUBHBIN CpeAHUIl MOAYJIb TAaHT'€HCA yIia HAaKJIOHA IIEPOXOBATOCTH, KOTOPHIM

BBIPAXEH yepe3 OTHOIICHHWE paauyca TpyOompoBojaa

HIEPOXOBATOCTU uepe3 0e3pa3MepHOe JaBICHUE.

lf((%i‘(i)))#exm-lﬁ-\/ﬁ“'”(fo)'“

+ &lL-expC VT =T, [/]a(&) DI} X

K CpEIHEW BBICOTE

(1.1.4)

x {1+ 04exp{-[NT =T, BEN! V(EM & =To /K,
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Bemuuuna T, =8R? . Bnusnus 5 (heKTHBHOTO CpeIHEro MOYJIS TAHTEHCA HAKIOHA

HICpOXOBaTOCTCﬁ Ha CBOMCTBO MOTOKa 3aBUCHUT OT YHMCHa PCﬁHOHBHC& WJIM 1I€periaga
JaBJICHUA.

Omnuprueckass GopMmyia 1o ompeneneHuo kodpduuuentoB a(&,), (&), v(&p)
CIIe Ty oAt

a&) =R, 2, &) =20

=22, W) =R3® 14
[Ipu »TOM B Hauane oOpa3oBaHMsI MHUMOW YacTH KOMIUIEKCHOTO pELICHUS
T=T, = 8Rczr, WIKM Havalle TypOyJEHTHOrOo pelleHUs, TaHIMeHC HaKJIOHA
IepOXOBaTOCTEN MNpUOIMKEHHO paBeH 1, W rpaduKkyd TMpU pa3HBIX TaHreHcaxX

HaKJIOHa Hl@pOXOBaTOCTeﬁ COBIIAJAarOT.

[Ipu sTOoM KOA(hPUIMEHT CONMPOTUBIEHUS IOTOKA B KPYrjIoM TpyOONpoOBOjE

ompenensercs mo Qopmysne A= yucio PeliHonblca, BBIYHMCIEHHOE Ha

2 )
Rer [Ra
OCHOBaHHMH CpEIHEH CKOpOCTH TEYeHHs IMOTOKa, paBHO R, =Ry /2. Kosddunment

COIIPOTUBJICHUA Ha OCCKOHEYHOCTH JaBJICHUA IMpOoNOpUMOHAIICH

A= 16V2
Rcr[a/(Rcr /50 +1)]20

OJHOI'0 4JICHA psaa.

. [IpuBenemM rpaduk peuieHus, MOIYYEHHOTO C MOMOIIbIO

1003

B4
\ BT 11 ' \
7 B
32 103 4 I -
a1 [
7 k | i b i
I'3 I S N __,‘._wi Lot A & a
|
18 Re=2300 PN < pr sl [ L
JL SN y -
] G
i ‘ D) | ‘ﬁ“ W_‘,.M"' T
RIk=15 7 ==
i Rik=30 P J— oo T
4 y fo—— " R 57 | a
\f Rik=60 M___‘,Ejml I @ S i
| o =f75 | A Y5 fancduy
| — | RI=128 |a =f§£ {Jfggﬁ:’ﬁ X w{ﬂ#f‘fd‘m e
2 = Rik=352 15—te TMEJWM@MWM& ., wimimme) || | Sy |
\_____— Rik=507 . [* =% ! b
—— Rik=1300 ol | [ i ! T
1 Re "W hg 2 ¢ Gdg & 4 Gogs 2 & Gig 24

100 1000 10000 100000 1000000 4000000 oy
=
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Puc.2 Teoperuueckas 1 S3KCIiepUMEHTaNIbHAS 3aBUCUMOCTH KO3 puiinenTta
COTIPOTHUBIIEHUS KPYTJIOTO TpyOompoBoaa oT uucna Pelinonbaca
IIpU pa3HOM CTENEHU LIEPOXOBATOCTH

Jlis cpaBHEHHsSI TEOPETUYECKOTO M SKCIEPUMEHTAIBHOTO TrpaduKka 3aBHCUMOCTH
KOd(ppUIUEHTa CONPOTUBIEHUS OT 4yuciaa PelHonbAca TMOTOKa IPUBEAEH
AKCIIepUMeHTaIbHbIN rpaduk Hukypanse cnpaBa Ha puc.2. Omunbka TeopeTH4ecKoro
rpaduka OTHOCUTEIBHO dKcrepuMeHTabHOTr0 mpuMepHo 10%.O1meuy, uTo rpadux,
IpUBEJICHHBIM Ha pucyHke Hukypanse B 1aMMHApHOW 4acTH pEILIEHUs HE TOYEH, IO
Mepe MPUONMKEHUSI K KpUTHUYeCKoMy uuciy PeifHomibaca MosBAsETCs OTIMYUE OT
cootHomeHus: A =64/R, 49To OTpaXX€HO Ha TEOpPEeTHYECKOM rpaduke, W Malo
IPOSIBIISIETCS HA KCIEPUMEHTAIBHOM. DKCIIEPUMEHTANIBHBIN rpaduk aiis Jorapudma
JaBieHus W uuciaa PeliHonpica m300pakeH NpsSMOM JHMHHUEH, a JOJKHO OBITh
OTJIMYKE OT MPSIMON JIMHUHM 110 MEPE YBEIUYEHHUS BIUSHUSA KOHBEKTUBHOT'O YJICHA.

Jauupiii TpaduK pemeHusl MOJy4YeH JUIs MOCTOSIHHOM TeMIepaTypbl MOTOKA IS
KaXKIOT0 CEYEHUs MOTOKA, MO3TOMY B CiIydae cliadoi 3aBUCUMOCTH KMHEMATUYECKOM
BSI3KOCTH OT TeMIlepaTypsl (OpMyIbl HE U3MEHATCS. s ero peanu3anuu B ciiydae
TypOyJICHTHOTO pPEXHMa HEOOXOAWMMO  MOACTaBUThL B (OpMyNly MNpPUBEICHHOE

AAaBJICHUC U OTHOIICHHUEC paanycCa pr60r[p0130z[a K BBICOTC HICPOXOBATOCTH

R =[RS +4T2/8-TRE 3

B={allk(T,&)R, 1(T, &) +11}°

% ={expl- |NT — T, |/ a(E)] + & [L- expe |NT — T, [1a(&)) %
160
x {1+ 04exp{-[NT =T, BEN! Y&} &, =;—°
0
IIpuuem QopMynaa HOCTpOEHA TaKUM 00pPa3oM, YTOOBI %=EO. B ciyuae
0,&q

JAMUHApPHOTO peXuMa HMeeTcss MnpocTas QopMyna s ONpeleseHUuss Yucia

Peitnonsaca R, =R, —4/R% - T /8.
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1.2. AnropuT™m pemieHus 3a/1a4u TUAPOTUHAMUKA
IIPU IPOU3BOJIBHON FEOMETPUHU MOTOKA

VYpaBHenne HaBbe — CToKCa B IEKapTOBBIX KOOPAWHATAX UMEET BUJL

3
av, +> Vk =- GPi +VAV;. (1.2.1)
k=1 Jo

X

Jlist aTOrO pemaeM TPEeXMEpHYIO JIAMUHAPHYIO CTallMOHApHYIO 3ajauy 0e3 ydera

KOHBCKTHBHOI'O YJICHA IIPHU 3a/IaHHOM BHCITHEM BOBI[GI\/'ICTBI/II/I g|

oP
0%

=VAY,.

IpuBeneM 3Ty 3amady K Oe3pasMepHOMY BHy, pa3ieiuB Ha BeamumHy V2/d2,

nmoJryanM 0e3pa3MepHOe ypaBHEHUE

op
_=AR|’
ay;
Pd? )
Ry =Vqd /v, P=—%.Ys =s/d,hg=gd*/v
N

Perienriem 3ToM 3a7a4u CIY>KUT (PYHKITUS

1 0

_ P
Rs(¥1,Y2,¥3) \.[ amtly - z| 0z, VA9%29%

Crpoum pellleHHE YpaBHEHHS HEPa3pbIBHOCTU IPU BHEIIHEM BO3ACUCTBUH, THE

BCINYHWHA ri OTKJIMK Ha BHCIIHECC BOBI[CP'ICTBI/IC

oR i -Zs ,0p
= (—— -hg)dzdzdz =0 (1.2.2)
X’ \'[ 477|y z|? 0z B

OTKy,Z[a IIoJrydacM ypaBHCHHUEC I10 OIIPCACICHUIO JaBJICHHUA B IIOTOKE

Ys—Zs Op
dzdz,dz; = —h 070z,dz;.
\J, 4|y -z | 0z \J/ 4|y -z|?

JlaBneHue wuileM B BHAe P= Z anPn(z1,2,,23). TloncraBiasieMm ero B
n=0
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NOABIHTETPAIbHOE  BBIPAXKEHHE, YMHOXKAaeM Ha BenHuuHy @(VYq,Y2,Y3), H
UHTETPUPYEM I10 TIPOCTPAHCTBY, TIOJy4aeM CUCTEMY JIMHEHHBIX YpaBHEHUH

['ne umeem 3HaueHus K03hGUINEHTOB

z. 00,(%,2,2
f f Bm(Y1: Y2, Y3) yls ;l ¢“(alz 2:28) 4z dzdzdndy,dys
S

b, :I I Pm(Y1: Y2, %)ﬁh (21, 25, 23)dzdz,dzzdy; dy,dys
VAY,

I'me Bemmumna hy(Yyq,Yo,Y3), ompenensercss BHeMIHUM BosaeiicTBueM. IlpuBenem

ypaBHeHne HaBbe — CtTokca k Oe3pa3MepHOMY BHIY, Pa3[eiMB €r0 Ha BEIHUUHY

vZ/d?, momyamnm GespasmepHoe ypaBHEHHE
o0, . < ., a0
s 0 P=_ P,
or o Moy oy

By —I—,Y| X|/d,r=tv/d2,p=?,hI =g V_2_§

YMHoxkaem ypaBHeHue Habe — Crokca Ha ceyeHue TpyOKH TOKa, 3alMChIBaeM
ypaBHEHHE BIOJb JAMUHAPHOTO PEIIeHHUs], BBOASI TPYOKY TOKA, MOTOK B KOTOPOI

nocrosiHeH cMm. [8]. . :j Hgdsg/ d?. B KOHBEKTMBHOM UiEHE U B rpajueHTe
Ss

NABICHHUsT  BBEAEM  IPOM3BOJHYIO II0  HAINPABICHMIO, COOTBETCTBYIOIIYIO
HAaIlpaBJICHUIO JIMHUW TOTOKAa JIaMMHApHOro pemenus. Ilpm moacraHoBke B

ypaBHEHHUE PEIICHHUS B BU/IC

r =a,(nDRIyi(a.h).y.(a.5).ys(a,p)] (1.2.3)
[ne BenmnumHa S; ceueHWe TPYOKH TOKAa B JIAMHHAPHOM pPEXHME, BEIUYHHA
Rivi(a,pB),y-(a,p),y3(a,5)] ato cranmoHapHOoe peuieHue ypaBHeHuss HaBbe —

Crokca 0e3 KOHBEKTUBHOIO 4JI€Ha, KOTOPBIN sl TPYOKHU TOKAa paBeH HYJIO, KaK HE
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3aBUCSIIMMN OT ITPOJOJIBHON KOOPIAUHATHL.

[Ipuuem 3T TpPyOKM TOKa CTPOMM TpH JIOOOM BHEUIHEM BO3ICHCTBHH,
IPOSBIIOIIEMCS B IIepenajae AaBieHus. Jlanee yduThIBaeM IEPOXOBATOCTH, U IPHU
HEKOTOPBIX YCJOBHSIX TMOJIy4aeM KOMIUIEKCHOE TypOyJIeHTHOE pelieHHe, KOTOpOoe
CBSI3aHO C BJIMSIHUEM KBAJPAaTUYHOIO KOHBEKTHBHOIO YJIEHA C MaJbIM MHOXHUTEJEM,
YUHTBHIBAIOIINM IIEPOXOBATOCTh, KOTOPHIN MIPUBOAUT K KOMIUIEKCHOMY PELICHHIO IIPU
OonbiIoM Tmepenane AaBieHus. llpu 3TOM AeWCTBUTENBHOE peIIeHHe, KOTOpoe
[OJIyYaeTCs IpU JPYTroM 3HAKE MOAYJISL CPETHEr0 MOAYJISl OTKIOHEHUS, OTOPAChIBAEM,
KaKk HE ompejensolee Kojeomromeecs, TypOyaeHTHOe pemieHue. [Ipuyem MHMMAs

4yacTh pEIICHUs OMpeAeNsieT MylnbCcallun pelieHus. B ciaydae BeiOopa Apyroro 3Haka
KBaJ[PaTHOTO KOPHS MPU yueTe KOpPpesIMOHHON (QyHKIMHU mpouecca <U; U, >, rae
BEJIMYKMHA U, OTKIOHEHHE CKOPOCTH OT CPETHEro 3HA4YCHUsl, TypOyJCHTHAs BSI3KOCTh

CTaHOBUTCS OTPULIATEIIBHOM.
[ToncraBum pemienue (1.2.3)B ypaBHeHne HaBbe — CTOKCa UM MPOUMHTETPUPYEM IO
TpyOKe TOKa, pa3leiuB Ha IUIOMAAb CeYeHUs TpyOompoBoaa. Torna KOHBEKTHUBHBIM
YJIEH UMEET BUJ

3 oL,

> 0,2 =20 B[ Re[y,(@,8),y,(a.8), ys(@ Hldadp
k=1 oy, dSSS

BBenenue mepoxoBaToCcTH MPUBOAUT K 3aBHCUMOCTH pajuyca Tpyoorposoaa ag(S)
OT CTENEeHH Makpo-mepoxoBaTocTH. Jlanee BoienseM wieH dag/dS cBsi3aHHBIA C
IIIEPOX0OBAaTOCTHIO0, HAXOIUM CpeIHee 3HaueHue ero Momyis. [Ipu 3ToM mpowusBenem
yCpeIHEeHHEe ypaBHEHHs 1O BeauunHe S. [Ipuyem monydaercs, 4TO KOHBEKTHBHBIM
YJIeH B JJAMUHAPHOM PEKUME MPH [IAJAKOH MOBEPXHOCTH, PABCH HYIIO U TOJILKO TIPH
y4eTe IEePOXOBATOCTH OH UMEeT 3HaucHue. [Tonydnm ypaBHeHHE

) . ) 0] pdadp
% [ Rdadg+a?< 2> | R P qoap--5
T3 ds 5 oa

-a,| AR dad
: . i R,dads

UToOBI y4ecTh IIEpOXOBATOCTh MOBEPXHOCTU TPYyOOINpPOBOAA, U MOIYUHUTh
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TypOyJA€HTHOE pelIeHHe, HaJ0 YYEeCTh CPEOHUIl MOIYlTbh TAHTEHCA yIlia HaKJIOHA
mepoxoBatocteil. Torga 3TOT KOHBEKTUBHBIN UjieH OyJeT UMETh Mallblii MHOXKHUTEIb,

M KOHBEKTHBHBIM YJICH OTJIWYEH OT HYJIIs1 WU IIPOIOPpHHUOHAIICH CpCI[HCﬁ BCIIMYHNHEC

dgy __da

TaHTE€HCAa HAKJIOHA MOMYJISI IIEPOXOBATOCTEN <|——— < —— >|> mpu HAIWYHNH YICHA,

ds ds

CBA3aHHOIO C HE IMNOCTOAHHBIM CCYCHUEM pr60r[p0130;[a . HpI/I 9TOM Yy

d< ag >

ds
KOMIIJICKCHOI'O Typ6yneHTHOl“O peH_IeHI/ISI JIMHUHU TOKaA COXpaHﬂTCH, COOTBCTCTByIOIHI/Ie
JUHUSM TOKa JaMuHapHOro pemenus. Ho Oyaer mymbcupyromiee peiieHue,
OTHOCHUTEJIbHO JIAMUHAPHBIX JMHUK TOKa. Ilpuyem mymnbcauuu ONPENETIAOTCS
MHI/IMOﬁ HacCThb CKOpOCTI/I, anqu MHHMasl 4YacCTb peI]_IeHI/ISI, paBHaSI KOHCTAHTC,
O3HA4aeT MyJIbCalluU C AMIUIMTYNO0M, PABHOW MHUMOW 4aCTH CKOPOCTH.

[ToncraBum pemenne (1.2.3)B ypaBHenne HaBbe — CTOKCa M IIPOMHTETPUPYEM TIO

TpyOKaM TOKa, YyMHOXXMM Ha R, , rae sTa BeilMuuHa YIOBIETBOPSIET YCIOBHIO

1/ =<|tana [>, tome <|tara|> cpemHuili MOAYJIbL TaHIeHCa HAaKJIOHA HE
r p Y-

YCTPAHUMBIX MHUKPO-IIEPOXOBATOCTEH, Orubaromias KOTOPBIX OINpenemsieT Makpo-

II€POXOBATOCTH, IIOJIyYMM YPaBHECHHE

day(r) _
dr

.
e L RACT RGBT

Rcr Fsas2 - 2RcrasGs + Hs

G, =-| AR[Y.(a,B),y.(a,B),ys(a, AldadB >0

HS — _J' ap[yl(aug1s)’yZ(GZ’ﬁ1S)ly3(alﬂ’ S)] R:rdadﬂd5>o

S

S

I'ne Bemmumusl R(Yy, Y5, Y3), P(Y1, Ys, Y3) ONpeneneHsl u3 JJaMHHAPHOTO PEIIeHHs U
YpaBHEHHUS HEpPa3pbIBHOCTH, (QYHKIMA BHemHero BosxeiictBus N (Y, VY., Ys)

3amaetcs. [lonmyvyaeTcs, 4TO MUKPO-LIEPOXOBATOCTH, PACIIONIOKEHHBIE MO BCEU JITTMHE

TpyOONpOBO/A, ONPEACISIOT KpUTHYECKoe uyuciao PelHonbaca. DT MHKpO-
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IIEPOXOBATOCTA MEHBIIIE MaKpO-IIIEPOXOBATOCTEHN, KOTOPhIE OKA3bIBAIOT BIUSHHUE Ha
KO3 UIIUEHT COMPOTHBICHHS, NMpU Oompmmx umciax Peinonpaca. Ho Tak kak
yrcno PeifHonbca 3aBHCHT OT T€OMETpPHH TPYOONpPOBOAA, Yepe3 €ro JuaMeTp, TO
KpUTHYECKOE YHuCI0 PeiHompaca TONMBKO OOpAaTHO MPOTMOPIMOHANIBHO CPETHEMY
MOJYJII0 TaHT€HCY HaKIIOHa MHKPO-IIEPOXOBATOCTEH, W 3aBUCUT OT T€OMETPHUHU
TpyOompoBona. IIpm >TOM yMeHbIIEHHWE paauyca TpPyOOINpOBOIa BBI3BIBACT
orpurareiabHoe 3HaueHwe da/ds wu, ciaemoBareabHO, OTCYTCTBHE KOMILIEKCHOTO,
TypOyJIEHTHOTO PEIICHUs Ha pa3Mepe CYKECHHsI, T.€. TIOBBIIIACTCS KPUTUIECKOE YUCIIO
Peiinonpnca. HaoGopor pacmmpenne TpyOOTpoBOma BBI3BIBACT  YBEIMUCHHE
BenmunHbl da/ds u, ciemoBarenbHO, YMEHBIIICHHE KPUTHIECKOTO Urciia PeitHombaca
M MOXKET BBI3BaTh 0OJiee paHee KOMIUIEKCHOE PEIIeHHE, T.€. TYpOYJICHTHBIA PEXHM.
[Ipuuem, Tak kak 4ucio PelHOJbICA 3aBUCUAT OT TEMIEPATYPhl Y€pE3 3aBUCHUMOCTD
KAHEMaTHYECKOW BSI3KOCTH OT TEMIIepaTyphbl, TMOJy4aeTcs, 4YTO HACTYIUICHHE
KPUTHYECKOTO uucia PeiHonmbACa HAXOAUTCS B 3aBHCUMOCTH OT TEMIIEPATYypPhI

Cpensbl.

KOOpL[I/IHaTBI IMOJIOKCHUA PAaBHOBCCHSA ONIPCACIIATCA U3 KBAAPATHOT'O YPABHCHHA
2R. G H AP, d
0’3 —4as R, +—== as - 2Rcsras +Tsys = O’Ts - 2 2Rcr Rcr Rcr
Fe Fe pVL F.

HpI/I O9TOM JJaMHUHApPHOC PCUICHUC YTOUHACTCA 141 HUMCECT BU

—\/ (RS)? =Ty, , KOTOpOE TP MajoOM Tepenajie JABICHHsS MEPEXOIUT B

JMHEWHOE TaMuHapHoe penienne A =T, I(2RS).

[Ipu sToM cnpaBeasimBa TypOyiaeHTHas (opMylia ydera HIEpOXOBAaTOCTEW B

CUJTY OJIMHAKOBOTO METO/Ia YCPEIHEHUS B TypOYIE€HTHOM PEXHUME

a, Ry ., (R (Rcr) (Ru)
N v VA e =) exp( @)
A ={a k(T &R, /(T &) +11}7

I'me Bemmumna K(Tg,&g)/1(Tg,ég) 2T0 >bdexTuBHbI CcpenHUl TaHTEHC
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HaKJIOHA IIepOXOBaTOCTEH, £y 3TO OTHOIIEHHE BBICOTHI HIEPOXOBATOCTU K PAIHYCy

Tpybonposona. Ime kputmueckoe umcno Peitmombaca ac =RS  ymoBieTBOpseT

3HAYEHUIO uucia PeiiHonb/ca, COOTBETCTBYIOLIEE HAdaldy KOMIUIEKCHOTO PELICHMS.
IIpn sTom mpm mManoM yucie PenHonbaca moiydaeM jaMuHapHoe pemeHue. Ho
npoOsieMbl MONydeHus: TypOyJI€HTHOTO pEIlIeHHs Ha 3TOM He KoHuarorcsa. HyxHo
OINpPENEIUTh BIMSHHUE IIEPOXOBATOCTEN MOBEPXHOCTH, JUISl YEro MOKa HEOOXOIUMO
MCIIOJIb30BaHNE HKCIEPUMEHTATIbHBIX JAHHBIX. B mpuHIMIE HEOOXOAUMO TOYHOE
3HAYEHUE 3aBUCUMOCTHM 4Mciia PeliHombaca U1 DIAJKOM MOBEPXHOCTH OT MAakKpo-
mepoxoBarocTeid. MOXXHO BbICKa3aTh INPEATONOKEHUE, YTO MPU CYETE C MTOMOIIBIO
JAMUHApHOTO pEHIeHHs] TMpU MOJACYeTe TypOYJACHTHOrO pELICHUS BIUSHHUE
IIEPOXOBATOCTU OyIEeT aHAJOTMYHO BIMSHUIO B ClIy4ae KpyIJIOro TpyOOIlpoBoja ¢

APYrMMH  KOHCTAaHTaMH G,0, KOTOPbIC HYXHO ONPCACINTb W3 3HAYCHHUA

ko3 duumenta conpoTuBieHuss Ha OeckoHeuHOCTH umcna PeitHonbaca. ns storo
HEOOXOIUMO, 4YTOOBI pa3Mmep, BXONAIMKA B 4YHciao PeliHonmbaca ompenensics
aHAJIOTMYHO B KPYIJIOM TPyOONpPOBOJE U I TeJla MPOU3BOIbHONU Gopmbl. g 3T0or0
HEOOXOMMO  OIpeNesITh CpelIHUN paauyC TOBEPXHOCTH dYepe3 IUIOUajb
MOBEPXHOCTU Tella U BBOJAUTH Paguyc cdepbl, Y KOTOPOH IJIOLIalb COBIAAAET C
IoUaApl0 AaHHoro tena. Ho y BHemiHed 3agadul MMEIOTCS CBOM OCOOEHHOCTH,
CBsI3aHHbBIE C HAJTMYUEM KPU3HCaA CONPOTUBIICHHS, KOTOPBIN CBA3aH ¢ HAIMYMEM CIIeAa
3a TEJIOM B MOTOKE. DTOTrO cliefia HeT BO BHYTPEHHHX 3aJadax, TAKUX KaKk TEUCHUE B
TpYyOOIIpOBOIE.

1.3.1.0cobeHHoCTH ONpEeIeHNs CKOPOCTH O0TeKaHUs TSl Chepbl

IToctpoum pemenne ypaBHenuss HaBoe — Crokca juisi BHemiHed 3anauu. Mmeercs
JAMUHApHOE pelIeHHe JUIsl JBUKEHUA cdepbl B KUAKOCTH MPU MaJOM YHCIE

Petinonbaca. OHO onpeenseT caeayolee pacipeaeiicHue CKOpoCcTH cM. [8]
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3a a°
V. =ucosf(l-— +—
' ( 2r 2r3)

. 3a a.
V,=-usindl-—-—
6 ( Ar 4r3)

HpI/I 9TOM  OIIPCACIUTCA 3aBUCHUMOCTL AABJICHUA OT IIapaMETpPOB IIOTOKa

p=p, -5 pv D2
° 2 rz

VYpaBHeHHsI OBMKEHHS B CPEPUUYECKOM CHUCTEME KOOpAMHAT B Cllydyae He

3aBUCUMOCTHU PCIICHUS OT YyTJIa ¢ , HIMCIOT BH [,

2 .
Ny, - Ve =P iy e 2 0(VpSing),
t r p or r r’sin’@d 00
Vo ViV, __1dp 20V, N
—Z+(V,OV, + & =—— = +V[AV, + S - 4
t Ve r or o6 [AVe r’00 rzsinze]
100%,), 1 A(sindV,) _
r ar rsind 96
SRSV RUZL BN J X N S D 1
or r 08 r<or or r°sin@doéd 00

Ilepeiinem B cucremy koopausar &,7,6 c nemssecTHeiMUM R ,R; P omnpenensemyio
mo ¢opmyre r=déf/2t=d*r/2v,V=Rv/d, p=Ppv?/d’, u cokparum

MOTYYEHHYI0 CHCTeMy ypaBHeHu# Ha Bemmumny 2v2/d®, momyunmm cucremy

YpPaBHEHUI
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R _Ri__0 2R 2 0(Rysind)
5y T(ROR - oc +2[AR - ]

E &2 Ezsinzﬁ 06
R, RR, __10P 2R 2R,
or +(RERy + g 569+2[ARH+52049 fzsinze]

10(E%R), 1 A(sinéRy) _
E2  or sind 96

9 R0, 1
(R.O)= R’af YA 5265(5 af 5zsmeae( )

[Ipu sTOM perienre B 6e3pa3MEpHbIX KOHCTAHTaX UMEET BH/T

R =R, &cosﬁ(l—i +—)

"R, 28 28°
= - & i —i—i _u_d
R, =-R, R, sind(1 28 28 ;)a=d/2 Ry
— 2 2 _ (Rosn) — 2 RO sin26 i
P=p,d“/pv 352R¢r pod?®/ pv? Rcr 25 @- 26 45)

Ho ecim paccmarpuBath pemienue miisg omgHoi obnmactm G1[0,71], To momyuwmm
HyJeBoe 3HaueHue kodppunuenta R, . [ToaTomy o0nacte Hao pa3dUTh Ha 1BE YACTH
611[0,6,],60[6,,n] n nHaxomuTh BenmuuuHy 6, U3 paBeHcTBa K03 ¢unmenToB R,

BBIYMCJICHHBIX JJIS1 pa3HbIX obOnacreii.

Rzgf[coszﬁ(l—z—f 253)65 23; 223
3 1 .sin® g
MY F)( 2_5 f) e
Sin00 3 L gginggd Lo, 1

£ VT a8 06287 ag ag”

3cos€ 2cosf 3 1 4cosd 3
£ Vo o) T eeine Y as F)]

+2R ]
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PemuM nepBoe ypaBHEHHE, BTOPOE YpaBHEHHE pElIaeTcsl aHaloruyHo. [[ns sToro

UL BHYTPEHHEH 3aJa4d HaJZ0 YMHOXATh Ha BenuuuHy r2sin@drd@. Jlns BremHei

N 1
0e3pa3MepHOil 3a1aull HAaJ0 BBOJUTH MEPEMEHHYIO I =E npu ycnosuu ¢ [[10] u

sind |1
>—d—d6f. Pacnuiem ypaBuenue ¢ yuetom

MHOKHNTCEJb BBITJIAIUT TaKUM o6pa30M

BCEX MHOKUTEJIEH

2 Ry . 3 3 _9 3_3
R Y [c03298|n9(254 265 455+57 pre +

1.9 9 1 1 . .3, c3p 1 9 1
+(53 e +8£5+4g6 5" )sin® @ - sin 6?(53+16£5+1659
3 1 3. . 19 1
258 256+8€7)—35|n26?sm9(254 855+8£7)+

, 3 2 3 1 4 3 1

uHTerpupoBanne 1o yray [0,71]] ompenenuT HYJIEBYH0 TPaBYHO YacTh ATOTO

ypaBHeHus. ClieoBaTeNbHO, HANO Pa30uTh pElIeHHE Ha JBE 00JacTH M PEelIeHUs
conpsarath Ha rpanune odnactu. [loayueHHoe pemieHue OyJeT mpu Majo CKOPOCTH

ﬂeﬁCTBHTeHBHBIM ) IMpuicM yYIroJ MOXXET OIpCACIINTLCA KOMIIJICKCHBIM.

[MpounTterpupyem naHHoe ypaBHeHHe 1o AByM oOmactsm &[0, 90],%D[0,1] u

HD[QO,Iﬂ,%D [01], momyumnm

R2 % [(1- cos 6,)0.00357 (% —cosf, + cos’ 0y )0.01473 -
: : sin36,
- 2R [(1-cos g, )035+0.175sing,] + 0.10781sing, - 2 )=0

Hpyras o61acTh UMEET ypaBHEHUE
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~ cos.3 2

R? %[(1+ cos’ ,)0.00357 1 (% +cosf, )0.01473 -

r

~ 2R [~(L+ cog 8, )035- 0.175sind, ] - 0.10781sin6, - S'”3‘90

)=0

B namunapHOM pexxume mpu o4eHb MajoM uucie PeliHonbaca Ry << R, u umeem

BbIpKEHUE [ uncia PerHonbaca

S|n390 sm36?0

0.10781sind, - )/2  0.10781sing, - )/2

R = .
* (@1+cos6,)035- 0175sm9 (1 cos g, )035- 01758|n9

[Toxydaem cummerpudnoe pemenue §, =71/2, R, =0.8214.

R =(b-+b*-ac)/a

a=0.0035711-cos §,) - (% —cosf, + COS% &

)0.01473

= [035(L- cog ,) + 0.1756ing ]/>’
S|n36? 0)

c=0.107813(sing, -

I'ne npu Bo3pacTanuu uncia PeliHonbaca onpeneneH napameTp R =1/ 5.
r

Ho npyroe pelienue numeet B

cos 6,

a=-0.0035711+cos’ §,) + (% +C0s, — )0.01473

= [035(1 + cos’ 6,) + 0.175sin6,] 8
S|n39 b)

c=0.107813(sing, —

[Ipu >TOM Hayamy TypOYJEHTHOIO peXHMa COOTBETCTBYET KOMIUJIEKCHOE YMCIIO

Pentnonsaca R, .
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[lpu yduere Bcex Kod(hdHUIMEHTOB HET peuieHuss G, =71/2, a momydaercs ABa
3HaueHuss kodpduuuenta 6. Okaxercs, YTO CYIIECTBYIOT aBa yrna 6,0, nus

Kaxaoro u3 ypaBHeHuid Haspe - CrTOKCca, COOTBETCTBYIOIIMX JABYM pPa3HbIM

pa3OueHusiM Ha JBE 00J1acTH

1
HZ_; R(6)cos@-4 +— )(1—2—5 25

__Rs S

= 2; R (6)sin@-6 += )(1 45 45)

B cayuae R, - O umeem paBenctBo yrinoB 6 =71/2, u nonyuum R (§)=1/2.
Kosddpumuentsr R (6,) =R,(6,),R;(6;) =R,(6,) ompenenum u3 nByx ypaBHEHH
Hasbe — Crokca, KOTOpOe Hag0 NMPOMHTETPUPOBATH MO BCEMY MPOCTPAHCIBY. [Ipu
3TOM MEpBBIE /1B YIJa ONpeenM U3 nepBoro ypasHenus Hasbe - CTokca, a TpeTuii
M YETBEPTHIN YroJl OIpeseIM U3 BTOpOoro ypaBHeHus. [Ipuuem ypaBHeHus HaBbe —

Sin Hd j’(d@ a MIOTOM HHTEIPUPOBATh.

Crokca HY)>XHO YMHOKAaTbh Ha BEJIMYUHY

HpI/I 9TOM ACKAPTOBLI KOMIIOHCHTBI CKOPOCTH, PAaBHLI

R, =R cosf+ R,sind + R,
R, =R sind - Rycosd '

[Tpu 3TOM 7151 KOMIIOHEHTHI CKOPOCTH MPHU OOJBIINX PAANYyCax ¥ MAJIBIX YUCTaX
Peitnonbzica uMeeM COOTHOIIEHHE

R, =R,c08260 + R,
R, =R,sin20

[Ipu nefCTBUTENBHBIX yriaxX MOCTPOEH rpaduk Ha puc.l OTHOCUTENHHO ABYX YTJIOB

npu yenosun 6, =n/2-016,=n/2+0LR()=1LR, =15
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i

Crnenyromuii  puUcyHOK 2  cooTBeTcTByeT uMciay PeitHonmbaca R, =150,
6,=n/2-04,6,=n/2+04,R(6)=1. C pocrom uucina PeitHompaca pacreT
OTKJIOHEHUE OT yrna 71/ 2 nns yrnoB 6 . Ha pucynke 3 n300paxeH MOTOK C YHCIOM
Pelinosbaca R, =5000 C KOMIUIEKCHBIMH yriaamu
6,=n/2-05+05;6,=n/2+ 05+ 05;R (§) =1. Imeercs nBe 0coOble 30HBI, B

nepeaHei u 3aaHeit yactu cepbl. B HUX CKOPOCTh B TOUKE TPAHUIIBI COOTBETCTBYET
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KacaTellbHON mpsiMoii. Puc.4 cOOTBETCTBYeT TeM K€ mapamerpam, 4TO U pHC. 3,

ToJIbKO uMcio PeifHonbaca Tena paBHo R, =50000. [Tapamerpbl moToka JOCTUIIIH

MMPCACIIbHBIX 3H3‘-I€HHI>1, PUCYHOK OCTaJICA HCU3MCHHBIM, KaK W IIpU IIapamMeTpe

R, =5000.

W

Puc.5

Puc. 5 TOJTy4eH npu 3HAYCHUU apaMeTpoB
6,=nl2-056,=n/2+05R (§)=01R, =500. Pacmipenenenne ckopoctu
TaKoOBO, YTO B IepeHeil yactu cdepsl oOpasyercss ocodast 30Ha, Kyia HeC)KUMaeMast
KAAKOCTh He TpoHHKaeT. [Ipy 3TOM 30Ha HEAOCTYITHOCTH MPOCTPAHCTBA JUIS ITOTOKA
)KUJIKOCTH PACIPOCTPAHSACTCSI HA OOJIBILOE PACCTOSHHE, YTO CO3/AeT YCIOBUE IS
JAIMHHOM BUXpeBOW JOpokkd. OHa cpbiBaeTcsi C TOBEpXHOCTH cdepbl H
pacrpocTpaHseTcsi Kak He BS3Kasl KUAKOCTh, IIPHYEM I10 3aKOHAM, HE CBS3aHHBIM C

ypaBHenueM Hane - CToKca.

I[J'I}I HN3MCHCHUA PHCYHKA HCO6XOI[I/IM8, CMCHA YIJIOB-T'paHUIl U COOTHOLICHUA

mexay koapdunuentamu R (6). Kpome toro, mpu Gompmmx uncnax PeifHonmbiaca

pacTeT MHUMaAA 4aCThb, U, 3HAYUT, BEJIUKO BIUAHUEC ICPOXOBATOCTH.
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IIprn 3TOM KpuTHMYEeCcKOe uMCIO PelHOnpaca I BHEIIHETO TeJla pPaBHO

a o o
—— =———, TIe a XapakTepHbli pa3mep Tena, |, mnumMHA ormbaromel Teno

rnazmoﬁ IMOBCPXHOCTU Ipu YCIIOBUHA Ha4dajiaa KOMIIJICKCHOI'O 3Ha4YCHMUA

ko3¢ purmentoB R ().

[Ipuuem pemanace cucreMa nuddepeHMaNIbHBIX YpaBHEHHI B Oe3pa3mMepHOit

CUCTEMEC KOOPpANHAT

dx dy
—S=R ;2= =-2:y, 0[-44].

[Ipu »ToM 3anuiieM HOBYIO (OpPMYJbI, KOTOPYIO HEOOXOJMMO MOACTaBUTH B
ypaBHeHue HaBbe — CTOKCA, yCPEHUTD PELICHHE, U ONPEAEIIUTH HOBBIE MHOXKHTEIIH,

HO KOTOPBIE HEOOXOIMMO YMHOXKATh PEIICHUE

Z R (6 )[cos@ - Ref +—)Cosh(|m9)—

r 1=1

—isin@-Req +—)smh(|m9)](1— S, )

YAPY=
Ry =- Ry —2>" R (4)[sin(@ - Ref +—)cosh(|m9)+

r 1=1

| | 3 1
+icos@ - Red +7—2T)Slnh(|m9| )](1‘4—5 e

[TocTpouMm rpaduku onpeneneHus AeHCTBUTEIBLHBIX TPAHUIl 00JIACTH.
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Puc.6 Puc.7

PasHocts Kos(d. JBYX PeLICHINT B PasHBIX 00MACTAX Passocts ko3¢ ABYX peIeHITi B pasHBX 08macTax

Puc.8 Puc.9

BeprukanbHast och XapakTepus3yeT MOJYJb Pa3HOCTH MEXIy koddpduuuenramu R,

BBIYMCJICHHBIMU [JIs1 JBYX Pa3HBIX obnacreit. Ilo FOpHBOHT&HBHOﬁ OCH OTJIOKCH

nercTBUTENbHBIN yron &,. Ha puc.6 momydeH eIWHCTBEHHBIN KOPEHb NMPH MajoM

yucine PeliHonpaca. Ha puc./ wuMeerca JABa  JIEWCTBUTENBHBIX  KOPHS,

COOTBCTCTBYIOIIMX JIAMHHAPHOMY PpCXKHMY C YHCIOM PCﬁHOHBHC&, PaBHBIM

BennuuHe R, =100.

Ha pucynke 8,9 mokazaHo cymiecTBOBaHHWE KOMIUIEKCHBIX KOPHEH, paBHBIX

6,=1+05;6,=2+05. Muumas ocp wusMensercs Ha otpeske [0,2],

aeiicrButenpHas och [0, 7).

1.3.2.0mnucaunne ocob6oii odactu
[Ipu »>TOM ompenejcHHEe TEUEHUS B IIOTOKE JKHUIKOCTH HMEET HE
MPOJOJDKAEMBIE 30HBI, CKOPOCTH MEPIICHIUKYJIIpHAs TpaHHWIIAM STHUX 30H paBHA
Hy0. [103TOMY JKHMIKOCTh M3 ITHX 30H HE CBs3aHAa C OCHOBHBIM IMOTOKOM. Ho
TaHT'€HIIMAJbHbIe KOMIIOHEHTHI CKOPOCTH Ha I'PaHUIIC TOJDKHBI COBIaAaTh. [locTporm

pelleHue B OTHUX 30HaX. HetictButenbHast uacTe pemeHuss R=R +iR,

COOTBCTCTBYCT KOMIIOHCHTC Z, MHHMas 4YacTb KOMIIOHCHTC X, HPUYEM OChb X

Bpamiaercsi Bokpyr ocu 0z c¢ u3zMmenenuwem yria ¢. Ho pernieHue cTpouTcs mpu
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(GUKCUPOBAaHHOM yTIJie ¢ W HE 3aBUCUT OT 3TOro yrija. Torga pelieHue ypaBHEHUs

HaBpe — Ctokca Oyner

R= ZN: Bmexpin® +imin o) . (1.3.2.1)
nm=—N
Ime BBemeHa  HOBasg  MaclITaOMPOBaHHAs ~ YIJIOBas  I€PEMEHHAs
® =27(6 - ™) /(6™ - ™), rae O™, 0™" - skcTpeMalbHbIE 3HAYCHHUS
rpaHuil TypOyJIEHTHOM 30HbL. KpoMe Toro, BBeIeM MacIiTaOupOBaHHbIH paguyc

n g, = Inr/a™ (6) o7
° In[a™™(8)/a™" (8)]

rae a™(6),a™" (f) - makcuManbHOE ¥ MUHHMMAJIBHOE 3HAYEHHME Pajuyca TPaHMIbI

TypOyJIeHTHOM 30HBI. B cllydae paBeHCTBa HYJIO 3HAMEHATelNs, JJisd BEJIMYHMHBI S

cleayeT UCHONIb30BaTh 3HaYeHUE [ = \/ a™(6)a™" () . Toraa BenmunHa Inp Gymer

HenpepblBHA M B 3ToM Touke paBHa 71. Koadduumentst b,, omnpegenstcs us3

nm

3HAYEHWH JIAMHHAPHOTO pEIICHUS B TIpelenax TpPaHUIl TypOYJICHTHON 30HBI
r=a""(6),s=a"(6), rne H0[6™",6™].
Koaddumnmentsr b, onpenensres mo popmyne

27T 21T

[ ] RIr(npy,®),w(@)]exptind ~imin g;)dIn odd =

0 0
=B, /41T
Tak kak rpaHMYHBIC 3HAYEHUS B Hadaje W KOHIIE TIEPUOAa OTINYAIOTCS M TPAHUIIBI
o0lacTi B KoopaMHATax r,d He MpsAMOYyrojibHbie (B KOOpAMHATaX ®,Inp CKOPOCTh
Ha TpaHMIE TepeMeHHas), psa OyAeT paspbIBHBIM W 3HA4uT, KodhdummeHnt b,
yOBIBaeT MpH yCIOBUH Nn,m - o« Kak b, ~1/(nM), T.e. 3TO AUCKpETHOE peIICHHE.
Jleno B TOM, 4TO pelIeHWE B KOOpAWHATAX [,6 ompenenseTr AUCKPETHOE, HO HE

IpOAOHKaeMOe pelIeHre, a B 0co00i 00JacTu B KOOpAuHaTax In p,® AMCKPETHO, B

cuiy auckpetHoct QyHkuuit R(In p,,®) kak nuckperHoro psna. Ho tak kak
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onucaHue 0coOoll 00JacTH BBEAETCS OTHOCUTEIbHO KoopauHat Inp,,®, ocobas

o0JacThb SABISAETCSA AMCKPETHBIM, OOpa3yIOUIMM JMOO BHUXPEBYIO IOPOXKKY, JIHOO
SIBJISICTCS MTYJILCUPYIOIIMM TYPOYICHTHBIM PEIICHUEM.
dopmyny (2.1)MOKHO TIepenucaTh B BUIC
> b eXpl® +iminpg) = D A sang® - 63)sgnd} - 9)
nm=-N nm=0 ,  (1.3.2.2)
sgn(Inp, = In p3)sgn(Ing;, = In o)

1Lx=0 o
rI€ B IAHHOM Clly4ae uMeeM sgn(x) = { <0 Y TOTJAa CKAaYOK C aMIUIUTyIOoOu A,
X

u dazoit @°,Inp°,®,In ot , onpenenutcs uz ypaBHeHuit

N
A0 = Y. Ay SIN(®, — @)/ 2]explin(®)) + &) /2]
p.g=1 ’

sin[m(In o = In pg)/2]expim(In pg +In pg)/2]/(nm)
rae MHaeKkcel n,m=-N,...-11...,N.
OtmetnM, 49to Ay, =b,,. Ecam psnm, crosmmii B neBoir uwactu (1.3.2.2)

HETMOCPEJICTBEHHO HE CYMMHUpPYETCs, TpeOys OOJBIIOTO Yucia YJICHOB, TO IMpaBas
gacth (1.3.2.2)omnpeaenuT ero AUCKPETHYIO CyMMY NPH KOHEUYHOM YHCIIEC YICHOB.
OTMeTHM, 4TO

PO +27p<sd <d +27p,Inp° +2m<Inp, <In o + 27w
TIOYTH TIEPUOINYECKAsT KOOPAMHATA CKadKa.

[Touemy e TypOyJeHTHOE penieHne B 0CO00M 001acTH HOCUT
MyJabCUpPYIONINA Xapaktep? ['panuna TypOyJIeHTHON 00JacTH B CHITy HUCKPETHOCTH
TypOyJIEHTHOTO peHIeHus He Triaakas QyHKIUsS, B OTIMYHE OT JaMHUHAPHOTO
perieHus. OTO MPUBOJNUT K HEPABEHCTBY TAHTCHIIMAIBHBIX KOMIIOHEHT PEIIECHUS U K
nyJabCalliyl  TpaHWmbl. J[as omucaHWss 93TOTO  TeUeHUsT HEOOXOIMMO BBECTHU

3aBHCUMOCTb oT BPEMEHHU IIPUBEJECHHOTO paguyca

Inp=[|n,oo—w[ﬂ(Zn—CD)qbl4n2](6D—77)/77,a)=2nShl;—°, rae BenuumHa Sb 910
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yucno Crpyxans. [Ipu sTtom kaptuHka Oynet konedaThes ¢ yactoToi CTpyxamis mo

BesnuuHe IN Oy, 9TO MpHUBEAET K BPAIICHUIO BUXPEW B POTHUBOIIOJIOKHBIE CTOPOHHI,
TaK Kak 4acToThl nipu ycinoBuu ® =71/2,® =371/ 2 umerot pazubie 3Haku. [Ipu 3Tom

Ha rpaHuIe 00acTH yacToTa paBHaA HYIIIO, T.C. pCIICHUC HA I'PAaHUIC HCITPCPBIBHO.

1.3.3.Pemenue 3a1aun 00TEKaHUS MPOU3BOJIHLHOTO TeJa
B c(epHUECKOl CUCTEME KOOpAUHAT
3ajayy OIpEACNICHHs JIAMHHAPHOTO PELICHHs Ui IIPOU3BOJIBHOIO Tejla B
cheprueckoil cucreMe KOOpAMHAT CYUTAEM PEIICHHON B BUAE KOHEYHON (hOPMYIIBI.

T.e. OIIp€ACIICHO 3HAUYCHUEC YHCJIa PeitHonbaca u 1aBneHus B JaMHUHApHOM PECKUMCE.

_ R
=—(¢,6,
Rcr( P)
_R
=—-0y4(¢,6,
Ry R, J ( ¢).
R, =0 g, (£,6.9)
pP=p(Ry.<,0,9)
Pemaem kaxpoe ypaBHeHue Habe — CTOKCa, YMHOXHUB €ro Ha BEJIUYUHY

sing q 1 4o 5 P
>—0—-00, IPOMHTETPUPOBAB €r0 II0 OOpaTHOMY pajuyCy M yriay U, mo ABYM

obnactaM, ¢ oxHod u3 rpanun 6,1 =12. OmpenensemM 3Ty TpaHUIy W3 YCIOBHS

R[6,.(9).9] =R [6,,(¢),¢]. WNmeercs nBa yrna 6,,,6,,, Tak Kak ypaBHEHHE IIO
OIIPEICTICHNIO 3TUX YIJIOB MMEET BTOpYIo creneHb. Ompenensiem 3HaueHue 6, (¢)
IUISL JIAMUHAPHOTO PEHICHHS W YYUTHIBaeM ero B gopmysie ais uncia PefiHonbaca ¢
Y4E€TOM TPAHHIIBI 00JIACTH.

[IponmensiBaeM 3Ty JKe ONEpalUi0 C JPYTUMH KOMIIOHCHTAMH YHUCIa

Pentnonbaca. [lanee ctpouM pemieHue, BBOAS YEThIPE HEU3BECTHBIE KOHCTAHTHI
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R =0{9,[¢.0-6.() + 6, (9).8] + 9,[$,6 = 6,(9) + 6, (4).91} R,
Ry =U g{ 9p[<,0 = G5 (@) + Gop(9), 8] + 9y[<,6 — Gp(h) + 6 (). 01} R,
Ry =U4{0,[¢,60 = 641(9) + 655 (£). 0] + 9 [<,60 =~ 6,,(h) + 5 (#). A1} R, (1.33.1)
P=P{p[Ry.{,0~6,(8) + 6 (9),8] + PRy .60 = 6,,(9) + 6, (#). 4] +
+ PRy ,$,0 = (@) + 6o (9), @] + PRy ,$,0 = Bpa (@) + Gpp (8), 8] +
+ PIRy.<$,6 = 651 (P) + Gpy (#),8] + PIR;.$.0 = 6,,(9) + 65 (), 01}
[ToxcraBnsieM nanHble (GyHKuMM B ypaBHeHumss HaBbe — CTOKCa M ypaBHEHHE

HEPa3pbIBHOCTH, HHTETPUPYEM IO MPOCTPAHCTBY M ompenensieM 4 KOHCTaHTHI

Dr,Dg,D¢,P. Ot KOd(PPUIMEHTH MOTYT OKa3aThCs KOMIUJICKCHBIMH, OIHMCHIBAS

KOMIUJIEKCHOE TypOyJieHTHOE pelieHue. JleiicTBuTenbHas 4acTh pEUICHUs OMUIIET
CpelHee pelieHrue, a MHUMas 4acTh CPEIHEKBaJpaTUYHOE OTKJIOHeHue. [Ipu stom

MO>XHO HHTETPUpPOBATH IO MEPUOJMYECKOMY YIiy ¢ U MOdy4yaTh HE HYJIEBOU

MHTErpaj, Tak Kak Yroyl BXOAUT HEIUMHEHHBIM 00pa3oM B QyHKIHUIO pemieHus. [lpu
pEIICHNH HETUHEHHOro YpaBHEHUS MOXKET BO3HUKHYTh KOMILJIEKCHAs (DYHKIIHS

6, (9),65(£),6,(#),] =12. ABanoruyno MOXKHO IOCTPOUTH PEILICHUE 3a/[a4M B

ciydae cepsl, onpenenss He JIJAMHHAPHOE JIaBJIEHHWE, HO ATO OCIIOKHHUT PEIICHHE.

MoxHO 100aBUTh 3aBHCUMOCTh pelIeHHs s chepbl OT yria @ B JIEKapTOBOI
CHCTEME KOOpAMHAT M pelaTh 3amady ompenensis & (9),6,(#), Torma nmoaydutcs
3aBUCHMOCTD pellieHus OT yria ¢ . [Ipu 3ToM HEOOXOMMO COXPAHHUTh 3aBHCUMOCTh

oT C(bCpI/I‘ICCKOI‘/JI CUCTCMBbI KOOpAWHAT IIPpHU ACKAPTOBBIX KOMIIOHCHTaX CKOPOCTH H

nasiyienus. [IponsBoanas
Q:axl(r,e,m d +6X2(r,9,¢) d +6x3(r,9,¢) 0
or or 0%, or 0X, or 0X4
izaxl(r,9,¢) 0 +6x2(r,9,¢) 0 +6X3(r,6’,¢) 0
06 00  0x 06 0%, 00 0%,

0 _ox(r0.0) 0  (.0.8) 0  x(.64) 0
Y g ox 0p  0x, o O

I ne nmeem
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X (r,6,9) =rsindcosy; x, (r,6,¢) =rsingsing; x;(r,6) =r cosd
0 0 0

Otkyna omnpenenum v yepe3 3aBUCUMOCTh —,——,—— AHaJIOTUYHO

) ) -
ar'08’d¢
OHpeI[eJ'IHIOTCH nu BTOpBIe HpOI/ISBOI[HBIe 110 X|, HO ITIOABHUTCA 3aBHUCHUMOCTBH OT

CMEIIIaHHBIX ITPOU3BOIHBIX 10 I,6,9 .

[€,60 = 64(9) + 6o, (P)]cOSE + gy[<, 6 = 6,4 (9) + G, (#)]SINE} cOSP

r 1=1

02
=R 2 {0[6.0-0,(0) + G, (B0 + 4,1£.0- 6, (#) + G, (Plsindhsing

r =1

Uy 0z Uy 0z

r =1

R
IIpx 5TOM MOSIBUTCSA KOMIIOHEHTa CKOpocTH Rj, Tak Kak Eyi tang . Ilpu manom
X

YHUCJIC PCﬁHOJ’IBZ{C& 9Ta 3dBUCHUMOCTDb ImpomnagacT, TaK KaK
84 =By, 0, =6y, 6, =6,

1.4TloctpoeHnue peuieHrs B BUAE psaaa

JUTsl TpyOOITPOBOZA C KPYTOBBIM CEUEHHUEM

Mosxno mpuBectu ypaBHeHue HaBhe — CTokca k Oe3pasMepHOMY BHUIY IS PAfa,

SABJIAIOIICTOCS PCHICHUEM

av N
kZ:1 an aXI ,0 kZ:
M g

0%

3anuiem ypaBHenue HaBbe — CTokca B Oe3pa3MepHOM BHJIE, YMHOXAasl HA BETHUUUHY
3 2 2
a’/(2R,v*), u yMHOXasl ypaBHEHUE HEPA3PHIBHOCTH HA BEIUUMHY a“/V , IOIy4YUM

YpaBHEHUS
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R, <&, 0R __dp NCo*R . & oR
SR Reay, 2Ry Y —= D>, ~ =0

k=1 6Yi k=1 ayk i=1 ayi
HNmeem 3HAYCHHE HepeMEHHBIX R =Valv, r=2tvR, /a?,
_(p-p)a b
p= 3 Yy =2XR,/a BenmumHa a »3T0 pagmyc TpyOompoBoma, L,V
oV

IIJIOTHOCTh N KMHCMATHYCCKasa BA3KOCTHh XKHUIKOCTH, \/I ) P CKOPOCTHL U AABJICHHUC B

RL_PO

MOTOKE, BEJIMYMHA JaBJICHUs paBHa P =-— z+ P, roe PB,P, nHauampHOE M

KOHCYHOC JaBJICHHUC B IIOTOKC. HNmeeTcs cBA3b KOTOpas

pl_podzpl_POd
| L

SABIIACTCA  OIIPECACIICHUEM IICperiaja MIaBJICHUA [Py — Py. Bennuuna CKOpPOCTH

(4 +D)r

N
omnpenensercs no gopmyine V, = Z a, (t)sin . Bemnumna a(z) ompenensier

1=1
BBICOTY IIEPOXOBATOCTHU, MPU IMOCTOSHHOM paauyce TpyOorpoBoja. YpaBHEHHE

da(2)

dx

HEPA3PBIBHOCTH YJIOBJIETBOPSAECTCA TOXIECCTBEHHO C TOYHOCTBIO < >=0, Tak

KaK paauaibHas M yIioBas CKOPOCTb paBHA HYNIIO B CHUIYy OTCYTCTBHUSI BHEIIHETO
pajiMaIbHOTO W YIVIOBOTO BO3JEHCTBUS M HYJEBBIX HAYaJIbHBIX YCJIOBHSX.
Kputnueckoe uwncio PeliHosnbaca mMeeT MHOM BHJA IO OTHOLICHUIO K PELICHHIO
pasnena 1.1, tak Kak UCHOIb3yeTcs Apyras onopHas QyHkuus. C nmomouipto MeToaa
[lanepkuHa NpPUBOAMM 3aJady K CHCTeME OOBIKHOBEHHBIX Au(QepeHInanbHbIX

YPaBHCHUU.

Ynanoce pemuth ypaBHeHue HaBbe — Ctokca ¢ Tounocts n0 0.6% mpu
MMOCTOSTHHOM CPETHEKBAJAPATUYHOM 3HAYEHUW TAHTEHCA HAKJIOHA IIEPOXOBATOCTEH.
Ctpowsioch pellieHue TOH jke 3amaud Ha ocHoBe anroputma (1.4.1). [Momyuwmncs

clenyromui rpaduk
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1003
45.298

27.72484

R=2300 mistake=0.613%

109272

53669 \
‘I'\
263591

12046 . R
1306 120684 12711 8 125421 4 7 a8 1322095705

Puc.3

[Ipu 3TOM (GopMyIbl, MO KOTOPHIM CUMTAICS JAHHBIM aJITOPUTM C TypOYJIEHTHBIM
PEUICHUEM B BUAC psAa
<X, >=2Rex +ilmx]/[n(4l +1)]
R=< X >+T

X2=Y" (Re<X, >)° +(Im<X, >)alGR, /I, +D)°
k=0

a = 426,0 = 02508/2

T= (pl_ pO)a3 — (Pl_ PO)asd :AilRlz
2 2
ol Lodv 80
A=T 89 8T = 8 d 230Q

dIRP  RyIR*| RyIX?|'d

_Ad
Roa =5 A = 028066 L)

Koadpunuent A, =0.28066 onpenenserca uz Gopmynst (1.4.2).I'ne Bennumnna X

takxke onpenensiercs mo Qopmyne (1.4.2). Ilpu 3TOoM, TaKk Kak y4YUTHIBAETCS
MHOKECTBO YJICHOB, OTPAXKAIOIIMX pPa3HYyI0 CTENEHb 3aBUXPEHHOCTH, KOPEHb W3
MHUMOH 4aCTH KOMIUIEKCHOIrO uucia PeitHosbaca notoka He u3Biekaercsa. CreneHb
[IEPOXOBATOCTH  YYUTHIBAJaCh W3 YCIOBUS  OJUHAKOBOCTU KO3 UIMEHTA
CONPOTUBIICHUS TMpPH pa3HbIX (opMmynax sl pPEIIEeHUs, HU3MEHSUICS TOJIBKO

koo durmenT @, Tak Kak Ha OecKOHeYHOCTH uucia PeliHonpaca BenmumHa X
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SABJISICTCS KOHCTaHTOM, ompeaenseMond (GopMysiol YHCIEHHOTO MeToJa |

HEOO0XO0IMMO, YTOOBI

_ 217 _ 217 ~
)= = =
AR (R, 16 +D1*? AR, (a/2)**
R [2/(R, /& +D** R,
a = 2[217 (A, [16v2)]%® = 426, A, = 0.28066

oTkyna ompenenurcs koddpdunment a =4.26 npu ycnoBum rinaakoctu &, =R, .

OtMetruMm, uTOo (QyHKUIMH X, SABJISIOMKECS penieHueM auddepeHnaibHoro

YpPaBHCHUA, OJUHAKOBBI JIS PA3HBIX HpeI[CTaBJ'IeHI/Iﬁ PCUICHNA. FI[G BCJIMYHMHA X|

ABJISIETCA KOPHEM YPaBHEHUS

N
Z I:knmzmzn - 2Rcr (4k +1)22k + L =

m,n=0 4k +1
N .
Z I:knmxmxn _2RCr (4k+1)2Xk/ﬁ+ 1 =0, Xm = Zm/\/f
m,n=0 4k +1
__(@m+]) 1 1
Feom =~ > T 5~
2 @4An+4m+4k +3)° (An—-4m+4k +1)
_ 1 _ 1 |
(4n+4m-4k +1)?  (4n-4m- 4k —1)?
Penrenue 5TOM CUCTEMbI HEIMHEHHBIX YPAaBHEHHM MIIETCA B BUIE X, = e 5
(4m+1)
npuyeM Ui KodppUuuueHTa Y, MojydyaeM KBaJpaTHOE YpaBHEHUE
(y )2ZN: Fiam ~ 2R, Y, [T + 1 g
S @n+1?@m+p? T 4k +1
A(Y)? = 2R, Y, INT +h, =0 . (1.4.2)
_RNT-RIT-hA v _ 3
yk - 1Xk - 2 -
A @k +1> T
Y

ITpu 3TOM BenmmuuHa X, onpenensercs no Gopmyne X, = w
+
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IIpu 5TOM OCHOBHOE pEIICHHE X, HMMEET CUETHOE KOIMUECTBO 3HAUCHHIA.

3HauyeHne X’ COOTBETCTBYET JTHHEIHOI yacTH pemnenns. [Ipoaoimkas 9TO peleHue

IIpu 00JIBIIIOM nepenaac AaBJICHHA, ITOJIYUYHUM OCHOBHOHM YJICH pEeUICHUA 3aaa4un
Ir'MaApOANHAMUKH. I[OK&)KCM, 4TO UMECTCA CUCTHOC KOJIMYCCTBO pCIIICHI/Iﬁ C HYHCBOﬁ
3Heereﬁ, T.C. KOOpAMWHAT ITOJIOKCHHUA PABHOBECHUSA HMMCECTCA CUHCTHOC KOJMYCCTBO.

I[OHYCTI/IM HallllIi OAHO PCHICHHC. CHC,Z[y}OH.ICC pEUICHUC OIPEACINTCA U3 CUCTCMbI

YPaBHEHH
AnYn =0
N N
Akn = Z I:knmym + Gkn;Gkn = Z (kan + Fknm)xr?1 - 2Rcra-kn (4k +l)2 /ﬁ
nm=1 nm=1

BribepeM HauanbHOE MPUOIMKEHHE, YTOOBI OMPEACIUTENb 3TON JTUHEHHON CHCTEMBI

ypaBHEHMH paBHsUICS Hymo. s 3Toro ompenenum Y, = U HaljeMm u3

a
(A4m+1)%’
paBCHCTBa HYJIIO Ol'IpC,Z[CJII/ITCJIH 3HAUEHUE Q. Torz:a CJIC,Z[y}OHICC HpI/I6JII/I)KCHI/IC

m

—— C TOYHOCTBIO O MHOXUTCJIA. Brraucium 3toTt
2
(4m+1)

OIIPEAEIIUT 3HAYCHHUS Y, ==

MHOXKUTEIb W3 YCIOBUS PAaBEHCTBA HYJIIO OIpEAENTUTeNss. OJTOT MHOXKHUTENb
onpenensiercss N 3HaueHusMH, ompenensis KopeHb mnonuHoma N crenenu. B
pesynbrare noayuyuM N +1 pelenue anredGpandyeckoro ypaBHeHHUs .

[Tomyuenne cderHoro komuvectBa (N — o) koopauHAT — TOJIOKECHHUS
paBHOBECHSI OSKBUBAJIEHTHO TMOJYYEHUIO CUETHOTO KOJUYECTBA PEIICHUN IS
ypaBHenusi lllpenunrepa. DkBuBaneHTHOCTh ypaBHeHus lllpenunrepa m HaBpe —
Croxkca 10KaXeM B IaHHOM cTaThe Aajiee MO TEKCTY.

I'paduk Ha puc.3 ornmuaercs ot rpadpuxa Hukypansze Ha puc.4. AcCUMNTOTHKA
npu OOJBIIMX M MalbIX 3HaYeHHsX uucia PeliHombiaca coBmagaer ¢ rpaduxom
Hukypanze. Ho rpadux mocTpoeH mnOpu TOCTOSHHOM TAaHTEHCE HaKIJIOHA
niepoxoBaToctd, a rpaduxk Hukypaase npu NOCTOSSHHOM OTHOIICHHUH paauyca

TpyOOnpoBoJa K cpelHell BbICOTE IIEPOXOBATOCTH. [ToctpouM 3HaueHue
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5¢(EeKTUBHOTO TaHreHCa HAaKJIOHAa IIEPOXOBATOCTEM, MO CpPeAHEH BBICOTE

IEPOXOBATOCTH.

Ll20) —fexpl- VT ~ T, 11, (E)] + &L~ explINT ~ Ty, 1/ (EN)] %

5 (T.&)
x {1+ 04exp{-INT =T, B (&) i (&)1}

IMpU4YCM OKBUBAJICHTHAA CTCIICHb MMCPOXOBATOCTHU 3aBUCHUT OT 663p33MepHOFO
JaBJICHUA. 9KBI/IBaJICHTHy}O CTCIICHb ICPOXOBATOCTH MOXKHO ITOJIYUUTDH IIPH paCdCTC
JUHAMUKHU IIpoHecCa TCUCHUA KUJIAKOCTH Ha MHKPO-HICPOXOBATOCTAX MOCTOSIHHOM

BBICOTEI. BenuunHa KPUTHUYCCKOI'0O  JABJICHUSA  OINPCACIIACTCA U3 (I)OpMYJ'IBI

T, :Rczr/AbhO' Omnupudeckas ¢GopMmysia 10  ONpeaeiaeHu0  KodhPUIMEeHTOB

a, (¢,): B (&o): Vi (€y) cnenyromas

A =R2n. A=, W)= Ruin, 14

My = ﬁ 1/(\/E - F )/(24/2)
Z VA TA

s
I'ne 2\/§,|_| 1/( }% - /%) 9TO KO3(PPUIMEHTHI, 00pa3ymIIue MHOXHUTEIb MPU
k

s=1
S

MHHUMOM 4YacTW pEHIeHWs [UIs PEIIeHHs B BUJAE OJHOIO 4WieHa W B BUAE psaa
COOTBETCTBEHHO.

[Ipu sTomM B Hauane oOpa30BaHMS MHHUMOM YacTH KOMIUIEKCHOTO PEIICHUS, WIH
Hayayie TypOYJEHTHOTO PELIEHUs, TAHI€HC HAKJIOHA IEPOXOBATOCTENH MPUOIUKEHHO

paBeH 1, u rpaguku npu pa3HbIX TAHT€HCAX HAKJIOHA IEPOXOBATOCTEN COBIAIAIOT.
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N T : :
1002 M i e | 1 —1
wor —P—— 1 H— I S
114780 PR ] |
; t Pﬂ —_— ._‘ — —1——
T T T T T LA 1
73977f P N PP sl ! _
.
i SNl T
R=230N0_ mistake=0.812% ‘ " :;-d»‘" L | .
15958f G |1 T
3 ! “% i |
2 N S S N B 51;22 L
32401 | omg=d07 | @ | ™
Lo I 2
a ,-/évg Hogpedee | AEL [anibey = bt
15—t _Jzzsz

214431

(mecymg rmij
WWM&} . wm,uw amoeme) | | |

|
f | | _ Ll
R ¢ £ JWJ 2 ¢ F ﬁmy F ¢ F Sps 2 # 8 Ops &%

1.4181 * * : ]
6285 3364.9 237B5.4 1461358 036025 55255884 P 4
TR

Puc.4

I'padpuk 1OCTpOEH [ OTHOLIEHWsS pajadyca TpyoOorpoBoga [, K BBICOTE

IIEPOXOBATOCTEH 0, paBHOU EO—;_—O =1530601262525071300. To4HOCTH
o

arnmpoKCUMaIiu OTHOCUTEIbHO TpadukoB Hukypanze npumepro 10%.

2. IToctpoenue perieHrst OOLIKHOBEHHBIX TU(hepeHIInAIbHBIX YPaBHEHUM

PaccMoTpuM cuctemy HeMHEHHBIX aBTOHOMHBIX U pepeHnanbHbIX ypaBHEHUN
dq
‘Q| (c-Cy )l =1.N (2.1)

K cucreme nenuueitHbIx audQepeHnnaIbHblX ypaBHEHUNW CBOIUTCS CHCTEMa

ypaBHeHui HaBbe — CTOKCA U ypaBHEHUE HEPAZPHIBHOCTH.

dC (t) - Z FrapdC p(t)X (t)"'z C':‘m|ocp(t)-|- Hpn = QG Cu)im=1...N  (2.2)

p.o=1
['me BenmuumHa TPEXMEPHOM CKOPOCTH  ompenensercs 1o  Qopmyre

V(t, X, X0, X3) =D Co (1)@ (X, %o, %) . puuem Gyrxumst @, (X, X, X;) onpenensercs
n=1

B BUje cuHyca. Toraa koadduuuents! C, (t) ams HenpepbIBHON (YHKIINH YOBIBAIOT C

pPOCTOM HMHACKCA KdK BCIWYMHBI HEC oonpme 1/ n2 M BO3MOXHaA pEAYKLHA, T.C.

BMECTO OECKOHEYHOI'0 YHCJIa YWIEHOB HCIIOJIB3YCTCA KOHCYHOC YU CJIO YJICHOB.
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Hccnenyrorcss KOMIUIEKCHBIE M JCHMCTBUTEIBbHBIE pEHICHHUs 3anaun Komm 31oro
muddepeHnnanTsHOTO ypaBHEHUS B Cllydae JEUCTBUTEIBHBIX M KOMILJIEKCHBIX

Ha4daJIbHbIX YCJIOBUAX, IIPpU I[CﬁCTBPITCJ'IBHOM APryMCHTC t. HaganbHbie YCJIIOBHA

UMEIT BHUI C (to):qo,l =1,...,N, rme BenmuuunHa t, COOTBETCTBYET HadaJIbHOMY

MOMEHTY MHTEIPUPOBaHMsI, a BeJIMYNHA C,0 B 001eM ciaydae KomiuiekcHas. [Tpuuem
B cly4ae JCWUCTBHTENbHBIX 3HadeHusix C,,K=1..,N, mpaBas wyacte (2.1)

JIECTBUTENbHA.

Cucremy nuddepeHIraIbHbIX ypaBHEeHUH (2.2) MOXKHO MTPEICTaBUTh IIPH

N
HE KPATHBIX IMOJIOKCHUAX PABHOBECHUS IMMYTEM IMOACTAHOBKHU C| = Z glk X - HpI/I 9TOM
k=1

nojokeHus: pasHoBecus cucrembl  (2.2) b’,1=1..,N;s=1....S nuepeiinyr B
MOJIOKEHHUSI  PaBHOBECHSI a,s,l =1..,N;s=1...,S. Ilpu o>TOoM ompeaensTcs
COOCTBEHHBIC YHCIIAa U COOCTBEHHBIE BEKTOPHI TMHEAPHU30BAHHOW CUCTEMEI (2.2).

9Q¢

oc,,

(S (0 0%) = Ao Gnl Oy =0

0 s s s _
|%(bl 1""bN) _Aaé-km |_0

m

Cucrema ypaBHeHUH (2.2)3anumiercs B BUJIE

d_Xn:/\S

dt n(Xn _ar?)+(xn _ar?)zpns(xl""’XN):Fn(Xl""’XN)' (23)

Cucremy ypaBHeHu# (2.3a) MOKHO 3arucaTh B BUJIC

d S s
4 = e G 04 =), (23
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r7e BBEIEH HE OoOpamlarouuiics B HOJIb MHOXUTENb €XP[G (Xq,...,XN )], KOTOpHIit
S

paBeH exp[G, (X,.--.Xy)] = F (Xl,...,XN)/|_| (x, —a°). Ilpu mOACTaHOBKE 3TOrO
s=1

MHOXuTeng B (2.30), moayuum (2.3a). ITokaxem, 4TO 3TOT MHOXHUTEIb B HOJb HE

oOparaeTcs. Benuuunel a° YIOBJIETBOPSIIOT YCIIOBUIO

Fy (als,...,aﬁ) =0,k=1...,N;s=1,...,S, rue BeauunHa S KOHEYHA.
IIpu ycnoBuu X — a|a,| =1...,N umeem KOHEUHbI}! TIpeAen

oF (af ,...,ax)
aX|

=AJ [(af -a})...@" —af (& -af™h)...@af -ad)]

F,Z[C MIPOU3BEIIN COKPAIICHUE MHOXHUTEIA X _a| y YHCIIUTCIIb ,Z[pO6I/I B HOJIb HE

& -ah)...a" -a" Haf -af™)...q" -a°)] =

exp[G (& ,....ag )] =

o6pamaeTc;I, TaK KaK paCCMAaTpHUBAIOTCA HE COBIAAAIOIHUEC KOPHH, ABJIAIOIINCCA
KOOpAMHATAMHU ITIOJIOKCHUA PABHOBCCHS. HOKaBaJ'H/I, 49TO 3TOT MHOXXHUTCIIb B HOJIb HE

oOpamiaercss TpW HE COBMANAIONUX KOOPJIWHATAX IOJIOKCHHUS PaBHOBECHS.
Bennunnsbl a|S YIOBIIETBOPSIIOT YCIIOBHIO Fk(af,...,aﬁ)=O,k=L...,N;s=L...,S,

'€ BeJIMYNHA S KOHEYHA.

[Tpu sToM auddepenHunansHOe ypaBHEHUE MOKHO 3alucaTh B BUIE

|_| (X —& °)
H, (t,t
% = exp{Gy [ (Hy)1voriXey (H))])
rie  H,(t,tg) crpemsimascst Kk 6eCKOHEUHOCTH (DYHKIIMS [IPH YCIOBUU CTPEMIICHUS

KOOpPAMHAT K IIOJIOKEHHUIO paBHOBecusd. B ciydae pemieHus B IOEHCTBUTEIBHON
IJIOCKOCTH 3TO MOHOTOHHast QyHKums. T.e. moiydyaeM 3aBUCHMOCTb PEIICHHS OT

BenuuuHbl H, (1,1,), KoTOpas sBisieTcss MOHOTOHHON (YHKIHEW BPEMEHHU.



41

Jlemma 2. HeoOXOAMMBIM M JIOCTAaTOYHBIM YCJIOBHEM CTPEMJICHUSI HEH3BECTHOM
GYHKIIUM K YCTOWYHMBBIM KOOPAMHATAM TOJIOKEHUS PABHOBECHS SBIISETCS YCIOBHE

H, (t,t;) — o, mpuyem t — 0.
Nmeem cooTHOUIEHUS

explG; (%X )]  eXpIG, (85,....a%)] =

1 -1 +1 S (2:5)
=N (8 —ap)...@" —af )& —af ™). —a])l;

npu t - o0 wu 3maunt H,(,t;) - o,l =1...,N, Kak wHHTErpad OT KOHCTAHTHI.
CnopaBenmmBa U oOpatHas Teopema, mnpu ycioBun H, (t,ty) - ool =1,...,N,
pealin3yeTcsi OAHO M3 YCTOWYUBBIX TOJIOXKEHUH paBHOBECHS. JTO CIEIyeT U3 BUIA
pemenusi, mnpu ycmoBum  H, (t,ty) - ol =1,..,N wumeercs otpunarenpHas

NelicTBUTENbHAS YacTh y uncna A° B ¢popmyie (2.6) cornacHo nemme 4, U pelIeHne

CTPEMMTCS K KOOPJMHATE IMOJIOKEHHUs paBHOBecHs & B popmysie (2.4). Ipu stom

BCJIMYKMHA BPpEMCHU CTPEMHUTCA K OECKOHEYHOCTH.

Jlemma 3. Pemenuem muddepennnansHoro ypaBaenus (2.1) seusercs QyHKIHS

X (t), ynoBueTBopstomas ¢popmyiie (2.6).

Jis nonyuenus (2.6) pasgenum  ypaBHeHue (2.4) Ha TIPOHM3BEICHHUC

MHOXUTENEeH x —a° u ymMHOXkHM (2.4) Ha BenmmuumHy dH,(t,t,). PackmampiBaem

MOJIyYeHHYI0 ApoOb Ha CyMMy MpOCThIX Aapobeil u ux uHTerpupyem. llomydaem

YpaBHEHUS
S S S . t
Y. AIn(x -af) +27ing][ = H (tto) | =1...2N..
s=1

['ne B cmy4ae u3iydeHHs 3ByKOBOW DHEpruu B MHTepBaie [t,,t] moxydmm pasHbie

BETBU Jiorapugma.

[ToreHIMpyst MoJlydeHHOE BhIpaKeHHE, Oay4dnM (2.6)



42

S S S S
M (4 —a)" exp@risiang /[ (x° -af)™ =expH; t.to)]
s=1 s=1 ) (2-6)

A =1/[a° - ah)...@° -a* h)@E° -a®™)..@° - aP)]

rac BCC 3HAYCHUS KOOPAWHAT ITOJIOKCHUA PABHOBCCHA HC KPATHBIC MU HC 3aBHCAT OT

mpolecca M3Iy4eHHus, NPOUCXoAasAuiero B wuHTepBane [ty,t]. [lpuyem B ciyuae

JaMUHApHOTO JIEMCTBUTEJIBHOTO pEUIEHUs] H3JIydeHus He Oyner, a B ciydae
TypOYJE€HTHOTO, COMPOBOXKAAIOMIETOCS H3JIyYCHUEM peIIeHus OyIeT Mepexon
sHepruu. B camom Jene, Haauuue M3JIy4eHHs! ONpeaesieT KOMIUIEKCHOE pElIEHUE,
KOTOPOE ONUCBIBAET TYypOYJEHTHBIM mylbcupyomuid pexum. [lpu  sTOM
TypOYJECHTHBI PEXUM TPU TEPECTPOHKE PEUICHHUsS] COMPOBOXKAACTCA 3BYKOBBIM
myMoM. Ha koopIuHAaThI IOJIOKEHUS PABHOBECHS, ONPEICISIOIIUE CTAllMOHAPHOE
pelIeHue, SKCIIOHEHIIMAJIBHBINA MHOKUTEIIb HE OKa3bIBACT BIIMSHHUE.
S

Jlemma 4. Cymma ko3hdunuentos AP 10 HHAEKCY S paBHA HYJIO, T.€. Z A7 =0.
s=1

B ciydae ecnu paznaraercs ApoOb

Qs-1(Y) .
(y-a)..(y-a ) (y-a")..(y-a>)

P(y) =

S
I'me Qs,(y) mnommHom cremenn S-—1. Csoiicteo Y A =0 ocraneres,
s=1

AIS — Qs—l(als) .
(a-|s _ a|l)(a-|s _ als—l)(als _ a|s+l)".(als _ aIS)

PacCMOTPUM CYMMY

Hokaxxem »10. Jliusg  dero

s+l

‘ZS Qs @)y =a)..(y =3 )y -a"™)...(y - a>)
P - .
=L @) - aa - (e -a)
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Ota cymma paBHa P(Y)=Qg,(Yy). Pactmmem dopmyny ans moamHOMa, paBHOTO

Qs_1(Y), pa3nenus ero Ha nmpousBeneHue (y — a|1)...(y - a|S) , TIOJTyYUM

ZS: Qs (&) +
= (@ -a).@ -8 E - a)..E - @ -y)
Qs (Y) _
+ 1 s-1 s s+l Sy 0
(y=a)..(y-a )y-a)y-a)...(y-a&)
S+1
nojaras, Yy = a|S+1 HOJYYHUM TOXKIECTBO Z /\f’ =0, B ciaydae, €CJIM UMECTCI S+1

s=1

IMOJIOKCHHUEC PaBHOBCECHS.

Ho uToOBbI peann3oBath pelieHue, HaJ0 3HaTh MOJI0KEHHSI PABHOBECHS 3TON CHCTEMBI
HEJIMHEWHBIX ypaBHeHUH. Kpome TOro, mosokeHus paBHOBECHS MOTYT OBITh
KpaTHbIE, YTO M3MEHSET XOJ pELIEHUs, OHO CTAHOBUTCA CIy4alHBIM, WIH

xaotnuecknuM. Ho ynaercs noka3aTh BaXKHYIO TEOPEMY.

Teopema 1. PaccmarpuBaercs 3amgaua Komm npu mpoU3BOJBHBIX JIEHCTBUTEIbHBIX
HAYaJIbHBIX YCJIOBHSX JUIsI CHCTEMbl HOPMAIbHBIX HEIWHEWHBIX OOBIKHOBEHHBIX
muddepennmanbapix ypaBHeHuid (2.1). Caydaid BBIPOXKIESHHOTO PEIICHHS 3aJ1a4M
Ko — nonoxkeHust paBHOBECHs, HE paccMaTpuBaeTcs. B ciydae, eciiu y cUCTEMBI
(2.1) wumeroTCAd ~ KOMIUICKCHO-COTIPSDKEHHBIC — IMOJIOKCHHSI ~ PaBHOBECHS  C
JNEHUCTBUTEIBHON YacThIO, TO TP KOHEYHOM apryMeHTe t JEeHCTBUTEIbHOE PEIICHHUE
3agaun Komm cuctemsl (2.1) mpu NeiCTBUTENBHBIX HAYaIbHBIX YCIOBHSIX CTPEMHUTCS
K OeckoHeyHocTu. IloToM 3TO pelieHHe NEPeXOaUT B KOMIUIEKCHOE pEIIEHHE,
CTPEMSICh K MOJIOKEHUIO PABHOBECHS, B CIIy4yae, €CIM KOMIUIEKCHbIE KOOPIAWMHATHI
MOJIOKEHUSI PAaBHOBECHS MUMEIOT JEUCTBUTENBbHYIO 4acTh. [Ipu 3TOM mpaByro 4acTb
(2.1) cumraem perynspHON (GyHKIUEH, JEWCTBUTEIBHOW MPH JACHCTBUTEIbHBIX

APryMcCcHTAax. Ona uMeeT KOHEUYHOE YHCJI0 HE KpaTHBIX MOJI0KEHU M PaBHOBCCH:L.

Jloka3aTenbCTBO.
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Ecnmu pemrate cucremy (2.2) mpu He KpaTHBIX MOJOKEHUSX PaBHOBECHS,

TO IMOJYYHUM COIJIACHO C JeMMon 3

(-2, arctan(k - o)/ 57+ A, Inl(x - af)? + (57T | +
£ In(x -af)L = H, (), - (27)
k

rie @’ +ib° BbyIENEHHOE KOMIUIEKCHOE TOJIOKEHHE PAaBHOBECHS, C° OCTAIbHBIE

noJjoXeHuss paBHOBecus. KoadduuumeHntsr A7 yaOBICTBOPSIOT Z A =0 B
S

s
cooTBeTCTBUM ¢ JeMMou 4. IIpu sToM B cymme Z A’ BenuuuHa JEHCTBUTENLHOM
s=1

gactu A, B Cllydae KOMIUIEKCHOTO 3HAYeHus1 A’ y4acTBYET IBaXJIBl U B CHIIY TOTO,

uro Bece uncna A ymosueTBOpstor ycmosuo Y AP =0, umeem dopmymy
S

25, +> A =0.
k

Oo6ocuyem (opmyiy (2.3). 11 3TOro JaBa KOMILIEKCHO COMPSKCHHBIX YICHA

peteHust mpeodpaszyeM (JJis1 yIpOIIeHUs 3aliCH HHICKC | OIyCKaeM)

/‘rse + I/‘lsm + /]rse _I/];sm — 2(X_as)/]rse — 2IBS/‘iSm
x-a®—if°> x-a*+ip®  (x-a®)*+(B°)?

: (2.8)

e A° =A%, +iA . Tlocne wnrterpupoBanus (2.8) mo aprymMeHty X, MOJIy4UM
bopmyay (2.7)

_ s
A IN[(x=a®)? +(B°)?] - 245, arctars— 2

Pemenue paBusiercs

X () =a’ + S tanD, (1),
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Trac
D|<t)={z AIn(x —a ) +A5 In[(x —a®)? + (B2 —H, (L)} /24, =
={z Ak+2Afe.+z AIn-af /%) + A5, In[(L-af /%)% +(8°)%/ x2] -
—Z A0 —af) = A5 In[(x’ = a?)® +(8°)%] = H, (t.to)}H 245,

S22, =
k

Ilpu 5TOM BenuuuHa Y (Aaf +225,0°) neiicTBuTeNbHAS B CHIIy CYIIECTBOBAHHS

KOMILICKCHO-COIIPSKCHHBIX IIOJIOKEHU U paBHOBECHA].

Brrancinm nponsBoaHyo , KOTOpasi HaM MOHaI00UTCA B JaJIbHEHIIIEM

dD(H,)
dH,

dD(H) _ 5 , Pabyad) gl 1
dHI kkts X~ a'I (XI 0’|) +(ﬁ|) dH 2Alml

=1+2B°A5 |'| (& - &) -

k¢s

(2.9)

ZAS

iml

T.e. umeeM paBEHCTBO MPH yCIOBUH | X |- 0 Ipu KOHEYHOM t
x (t) =a° +b*tanD, (t). (2.10)

DTO ypaBHEHHE UMEET PEIICHUE, CTPEMSIIEecs K 06CKOHEUYHOCTH.

[Ipu sTtom pemenne auddepeHnaIbHOr0 ypaBHEHUsT mpu pocte H (t,tg)

COIJIaCHO JICMMC 2, MOXCET UMCTb KOMIIJICKCHBIC KOPHHA

> A0y —a ) =H Gt )
K
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IIpn 3TOM, Tak Kak CIPaBEIJIMBO Z /1|k =0 cormacHo nemMMme 4, U TOJIOKEHUSA
k

PAaBHOBECUS HMMEIOT ACHCTBUTENIbHYI0 YacTh, MMEIOTCS 4HUCIa C OTpPULATEIbHOU
IEWCTBUTEIILHON YaCThIO /l|k, 3HAYUT, UMEETCS CXOJIUMOCTh K OJTHOMY M3 IMOJIOKEHUN

paBHOBecusi. JleficTBUTENbHOE peElIeHHe OyneT CTPEeMHUThCS K OECKOHEYHOCTH,
IpUYEeM HapyIIaTCsl yCIOBUS CYLIECTBOBAHUS U €AMHCTBEHHOCTH 3anaun Komm. [Tpu

sToM nipu OeckoHeuHoctH H, (t,t,) cormacHo nmemme 2 HemsBecTHass GpyHKIHS OyneT

CTPEMUTBCS K OJHOMY M3 MOJIOKEHH paBHOBECHS. DTO IMOJIOKEHUE PABHOBECHS HE
MOKET OBITh JEUCTBUTEIBHBIM, TaK KaK JCHCTBUTEIBHOE pELIEHUE OECKOHEYHO.
3HauuT, penieHne OyJeT UMETh TOYKY BETBJICHHUS M CTPEMHUTHCS K KOMILIEKCHOMY
MIOJIOKEHUIO PAaBHOBECHS. 3HAYMUT, NMPU KOMIUIEKCHBIX IIOJOKEHUAX PABHOBECHS

MOJIy4aeTcsl KOHEYHOE KOMIUIEKCHOE pellleHHe Mpu u3MeHeHuu H,(t,ty). T.e. B

HCKOTOpOﬁ TOYKC HAYHCTCSA KOMIIJICKCHOC PCHICHUC.

Konen nokazarenbcTBa.
[IpuBeneM nmpumep, ONUCHIBAIOIIMN 3TO CBOWCTBO AU (PEepeHIInanbHOTO ypaBHEHUS,
nepexol K KOMIUIEKCHOMY pemieHuto. Tak i aud@epeHnuanbHOro ypaBHEHHs
MO>KET BO3HUKHYTh KOMILJIEKCHOE PEIICHUE, BMECTO OECKOHEYHOTO IEUCTBUTEIBHOIO

penieHus

— =1+x%.
dt

[Tpuyem NOJOXKEHUS PABHOBECHSI YUCTO MHUMBIC X = i , U 3HAYWT, PCIICHUEC MOXKET
HE CTPEMHUTHCSA K TIOJOKEHHWIO paBHOBecHs. IlpwueM neiicTBUTENBHOE peIICHHE
sToro auddepeHnnaIbHOTO ypaBHEHUSI OBICTPO CTPEMUTHCA K OECKOHEYHOCTH

X =tanft —t, + arctank,)] .
Hcnonb3ys HEABHYIO CXEMY PEILICHHUS, TTOJIYYHUM CIICAYIOIIEE YPAaBHEHUE

X = X, + (L+ x*)At + 0(At)?.
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Pa3peiiias 0THOCUTENbHO HEU3BECTHOU (DYHKIIMH X , TOTYYUM HESBHYIO CXEMY

_1-/1-4[x, + At +0(At) 2] At
2At '

X

DTa HesBHAas CXeMma C MOCTOSHHBIM IIarOM IPaBWJIBHO OMNHUCHIBAET CTPEMJICHHE
penieHusi Kk 0eckoHeuyHOCTH. [Ipu cueTe ¢ yMEHbBIIEHHBIM LIArOM OHAa OMpeeNseT
Oojplliee 3HAYCHHE TNEepeMeHHOW t W 3HAuuT, ompenesseT OoJbllee 3HAYCHHE
Heu3BecTHOM ¢GyHKUMU. T.e. MpaBUIBLHO OMMCHIBAET pelleHre TudpepeHIraibHOro

ypaBHEHHS O OeCKOHEYHOCTH pemeHus. Korma O0eCKOHEYHOCTh JOCTUTHYTA, MPH
ycrnosuu X, > 1/(4At) — At — O(At)? ompenenuTcs KOHEUHOE KOMIUIEKCHOE PEIICHHE.

YMCIEHHBIM CYET H3TOro YpaBHCHUA HOATBCPANUIT MPABUIIBHOCTH IIPOBCIACHHOIO

aHaJIn3a PCUICHUA.

[TprueM KOMIUIEKCHOE pelieHre 00J1aJaeT HOBBIMH CBOMCTBaMH, OHO CJIOXHBIM
o0pa3oM BpalaeTcsi BOKPYT MOJOXKeHUs paBHoBecus. [Ipu 3Tom geiicTBUTENBHOE
pelIeHrne CTpEeMUTCS K OECKOHEYHOCTH, T.e. IpaBas 4acTh AU epeHInanibHOro
ypaBHEHHS CTPEMHUTCSI K OECKOHEUHOCTH, U HAPYILIAIOTCS YCIOBUS CYIIECTBOBAHUS U
eIMHCTBEHHOCTH pelieHus 3agaud  Komu, W BO3HHUKAeT JIOMOJHUTENBHOE

KOMILICKCHOC PCHICHHC.

Pemenue ¢ KOMIUIEKCHBIMHA HadaJbHbIMHA JaHHBIMHW OIIPCACIUTCA q)OpMYJIOI‘/’I

X =tanft —t, + arctanf§, +19)] npu mobom t. T.e. npubIMKEHHO HMEEM

X(t) = -i exp{i[t —t, +arctank, +i0)] —exp{-i[t —t, +arctank, +19)]} _
exp{i[t —t, +arctank, +10)]} +exp{-i[t —t, +arctank, +i0)]}
=1 —2iexpf2i[t —t, +arctank, +i0)]} +iexpfi[t —t, +arctang, +i9)]} +...=.
=i—2iexpRi(t—t,+a)-20] +iexpli(t—-t, +a)—-48] +...
arctang, +io) =a +if

[Tpu 3TOM 3HAMEHATENH ATOM APOOH B HOJL HE OOpaImaeTcs.
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T.e. KOHEUHOTrO pelIeHNs 3a1a491 B JIEMCTBUTEIBHON IIJIOCKOCTH HE CYLIECTBYET. A B
KOMIUIEKCHOM TUIOCKOCTH MMEETCs KOHEUYHOE HENPEPBIBHOE PEIICHHE B CIIydae HE

KpaTHBIX ITOJIOKCHUAX PABHOBCCHA.

Ho Bo3HHKaeTr BOIIPOC, KaKOB (1)I/I?>I/I‘{CCKI/If/'I CMBICI MHHMOM 4YacTH

KOMIIJICKCHOI'O pCIICHUWA.

3. OU3NYECKU CMBICI KOMITJICKCHOTO PELICHMUS.

Onumem @QU3MYECKUl CMBICT KOMIUIEKCHOTO TypOysieHTHoro pemeHus. Wrak,
paccMOTpUM NEeUCTBUTEIBHOE penieHue CUCTEMBbI OOBIKHOBEHHBIX
nuddepeHManbHbIX ypaBHeHUH X, (t). IlycTh HauanbHble JTaHHBIE UMEIOT CpelHee
X2 n mucnepcuio <[Ax]% > (aucrepcus HauyadbHBIX JAHHBIX B CIydae ypaBHEHHS

Hare — Crokca ompenensieTcs HIEPOXOBATOCTHIO TMOBEPXHOCTU WM HE TOYHO

3aJaHHbIMH Ha4YaJIbHBIMHA ,Z[aHHBIMI/I). Torz:a AJI AUCIIEPCHUHU pEIICHUA UMECM

<[AX]? >=<[x —< X >]?>=<x7 >-2< X ><X >+<x >2=<x?>-<x >,
3HaYUT UMEEM

<xf >m<x >2+<[A]? > x > +H<[AX P> (3.0)

[IpuBeny dopmynupoBky oOpaTHOl TeopeMbl Iludaropa. [ns Beskod TpoWku
MONOKHUTENbHBIX ~ udcen a,b m €,  Ttakoif, wuyro a’+b?=c?,  cymecrByer
MPSIMOYTOJIBHBIA TPEYroJIbHUK ¢ KareTaMd @ U D M THUIOTeHYy30H C.  3HAYWT,
MaTEMaTUYECKOE OKUJAHWE U CPEAHEKBAJPaTUUYECKOE OTKIOHEHHUE 00pasyroT
KAaTEeThl, @ TUIIOTEHY30M SIBISETCS KOPEHb W3 CPENHEr0 KBajJpaTa BEJIMYMHBL. T.€

BCJIMYMHA CPCIHCTO < X > OopTOroHalJlIbHa CPCAHCKBAJAPATHUICCKOMY OTKIIOHCHHIO
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\<[AX]? >, xoTopoe 0OpasyeT MEMMYIO 4acTh KOOPIMHATHI Tela. Takum o6pa3oM,

MIOJIyYEHHOE B pE3yJbTaTe YCPEIHEHHS BO BPEMEHH JEKAapTOBO MPOCTPAHCTBO C
KoJIe0ATETbHOI CKOPOCTHIO BEICOKOW 4acTOTHI (IIepHOJI KOJIeOaHUsI MEHBIIIE BPEeMEHH
U3MEPEHHUs]) CTAaHOBHUTCS KOMIUIEKCHBIM MPOCTPAHCTBOM. T.€. B ciy4ae OOJBIIONM
JUCIIEPCUM BEJIMYUHBI JCUCTBUTEIBHOIO IIPOCTPAHCTBA, €TI0 HYKHO paccMaTpHUBaTh
KaK KOMIUIEKCHOE TPEXMEpPHOE MPOCTPAHCTBO, I'Z€ MHUMAas 4YacTb COOTBETCTBYET

CPpCAHCKBAAPATUICCKOMY OTKIIOHCHHIO. HpI/I 9TOM MMCCTCA CIICAYIoIas CBsA3b MCIKAY

mepeMeHHBIME /< X7 > = (< X > +i(/<[AX]* >)a,|a|=1, npudem KoMIIeKcHOe

YUCIIO O BLI6I/IpaCTC}I n3 yCJIOBHU, I1T061>I MHHUMaAs 4aCTh UMEJIa ITOJIOKUTECIBbHOC UJIN
OTpI/I]_IaTeJIBHoe 3HAYCHMUC. 3TOMy YI[OBJIeTBOpHeT cpeaHeKBaz[paTHque OTKJIOHCHUC.
Ho HHOrga CpCAHCKBAAPATHIHOC OTKIIOHCHHUC ITOJOXKXHUTCIbHO, HAIIPUMEDP, B CIIydac
I[I/IBHCKTpI/I‘leCKOﬁ HpOHI/IHaeMOCTI/I, rac BMCIINBAKOTCA ITIOJIOKHUTCIIBHBIC nu
4rio
OTpULIaTeNIbHBIE  3apsansl. Torma umeeM  Qopmylny E=&,+ o rae

HCﬁCTBHTCHBHaH 4JacCTb MPOINOPHHOHAJBbHA IMOJOXUTCIbHOMY CPCAHCKBAAPATUIHOMY
OTKJIOHCHHUIO JUIIOJIS, a MPOBOAUMMOCTL ITPOIIOPHUOHAJIbHA CPCAHEMY 3HAUCHUIO. Ho
3aTO0 IPOBOAMMOCTL JACIUTCA Ha 4YaCTOTy, KOTOpas HMECT MOJOXKUTEIbHBIN U

OTpPIHaTCJIBHLIﬁ 3HaK.

CrnenoBaTenbHO, aNrOpUTM HAXOXKIACHUS CPEAHETO PELICHHUs, WU CPEIHEro B
($a30BOM MPOCTPAHCTBE PEUICHHs, U €ro JAUCIEPCHI0 CBOJIUTCS K HAXOXKICHUIO
KOMIIJIEKCHOTO pemieHus. CpenHee pelieHre COOTBETCTBYET NEHCTBUTEIBHON 4acTH
pelmeHns, a KBagpaT KOMIUIEKCHOM YacTH COOTBETCTBYET IHUCIEPCUM PELICHUS.
TakoB ¢u3znyecKknuit CMBICT KOMIUIEKCHOTO PEIICHUs, NEHCTBUTENbHAS YacTh - 3TO
CpeHEE pelIeHue, a MHUMAasl 4acTh — 3TO €r0 CPEJHEKBAJAPATUYECKOE OTKIOHECHHUE.
[Tpuuem geiicTBUTENbHAS M MHUMAs YaCTh OPTOTOHAJIBHBI, M 00Pa3yl0T KOMILJIEKCHOE
npocTpaHcTBO. B camom nene, cormacHo oOpatHoit teopeme Iludaropa B cumy
dopmyner (3.1) MaTeMaTHUECKOE OXKUAAHUE W CPEITHEKBAIPATUYECKOE OTKIOHECHHUE

00pa3yroT KaTeThl, a CPETHUN KBAAPAT SBIICTCS TUTTOTCHY30M.
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OTMeTHM, 4TO IIPU pacueTe JBHKEHUS MOTOKA MPHU y4eTe OJHOTO WeHA psAJia, HAJO0
OpaTh KBaIpaTHBIA KOPEHb U3 MHUMOM YaCTH, TaK KaK BBIUUCISETCS MMOCTYMATEIbHAS
CKOpOCTb. MHMMasi 4acTh COOTBETCTBYET KBaJ[paTHOMY KOPHIO U3 Ko0JieOaTeIbHOM
gacTu Oe3pasMepHO ckopocTH. CHTyalys aHaJIOTHYHA BBIYHCICHUIO OTKJIOHCHHS

Opu Cly4ailHOM BBIOOpE IlIara BIepes WM Ha3aj ¢ BEPOSTHOCTBIO %2 U MOJIOKEHHE
toukn nociae N maroB ompenenserca 3HadyeHueM + N . JlelicTBUTeNbHAs 4acTh

pCeUICHUA U MHHUMAsI 4aCTb PCIICHUSA PACIIOJIOKCHBI Ha PAa3HBIX OCAX KOMIIIICKCHOTO

npoctpaHcTBa. Ho ecnu ycpeqHaT MHUMYIO O0€3pa3MEPHYIO YacCTh, OJIYYUM

< Xgr (1) > +iy < [BXg (D] > = < X () >+ <[Axy (1)]% >

IIppyuemM pemeHue paBHO MOAYJIO TIOCHENHEM BEIWYMHBI, W TIPU  Pa3HBIX
[IEPOXOBATOCTAX MHHMMYK 4YacThb pPELICHUs HAA0 YMHOXaTbh Ha YCPEOHSIOLIUI
MHOXUTENb. [Ipy 3TOM ecnu BBIYUCISIOTCS Bce KO(D(PUIMEHTHI psaa U3 CUCTEMBI
HEJIMHEWHBIX YPABHEHUM, U3BJIEKATh KBAJAPATHBIA KOPEHb U3 MHUMOW YaCTH HE HAJIO.

HCO6XOI[I/IMO CKJIaAbIBaTh KOMIIJICKCHBIC BCJIMYHUHBI U 6paTI> MOIOYJIb CYMMBI.

[TokaxxeM, YTO MHUMAsI 4aCTh KOMIUICKCHOM MPOU3BOTHON OT KOOPJIUHATHI B
¢dazoBoMm mpocTpaHcTBe AN EPEHIIMATBPHOTO YpPaBHEHUS, KOTOPYIO Ha30BEM

CKOPOCTBIO, 00pa3zyeT MyJbCHUPYIOIIee TMepeMelIeHre KOOpAMHATHI B (Pa3oBoM

HPOCTPAHCTBE, T.€. B IPOCTPAHCTBE MEPEMEHHBIX < X, (t) > +i \/ <[Ax (1)]* >.

HCHOHBSyeTCH B Ka4CCTBC IICPCMCHHLIX CPCAHCC 3HAUYCHHC, BCIb HA MOJICKYJIAPHOM

YpOBHE cpejia He riajiKasi.

Jlemma 5. KommiekcHoe pemieHue omnpeaenseT KOJeOTIONyocs MyIbCUPYIONIYIO

(GYHKLIMIO KOOPJUHAT NEPEMEIICHHs] TOTOKA.

MHumass 4acTh CKOpPOCTH COOTBECTCTBYECT CKOPOCTH BpalllCHUA B (I)&?)OBOM
IMPOCTPAHCTBC. Tak kak u3BeCTECH paanyC BpalmiCHUuA, TO MOKHO OIIPCACIINTL U
4aCTOTY BpalllCHHA. B nockoctu BpallCHHA KOMIIICKCHYIO CKOPOCTh C ITOCTOSHHBIM

pailyCcOM BpAlICHUS W MOCTOSSHHOW YaCTOTOM MOXHO TMPEJICTABUTh B BUJAE
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V, +iV, =Vyexplat). B ciydae mepeMeHHOM MO MPOCTPAHCTBY CTALMOHAPHOK

CKOpOCTH 3Ty q)OpMYJ'Iy MOHO IMPCACTAaBHUTh JOKAJIbHO B O,Z[HOﬁ IIJIOCKOCTH B BHAC

t
V, (X, y) +iV,, (X, ) =V (X, ) expﬂj w(X,y,u)du], mnpuyeM dacroTa 3aBHCHT OT
0

BpPEMEHH, TaK Kak cMmelleHue ¢as3bl 00ecrneynBaeTcss TapMOHUYECKUMU KOJIEOaHUSIMU
B coceaHux Touykax. CyMMa rapMOHMYECKUX KOJIEOAaHHWW C pa3HbIMU YacCTOTaMH,
3aBUCSIIMMU OT BpPEMEHH, OIpeneseT MylIbCUPYIOIIUA pexXuM B (Ha30BOM
IPOCTPAHCTBE, MPU CTAMOHAPHOM KOMIUIEKCHOW CKOpPOCTH. T.e. mojydaercs, 4yTo
KOMILJIEKCHAsI CKOPOCTh OIHUCHIBAET MYJbCUPYIOIIME BO BPEMEHU KOOPAUHATHI TOUEK
dazoBoro mpoctpancTBa. CuTyauuss aHAJIOTMYHA  HAJTUYMIO  HECKOJIBKUX

CTallMOHAPHBIX BPIXpCﬁ, OIMMCBIBAIOMIUX ITYJbCUPYIOIICC BPAIICHHUEC ITOTOKA.

JIemma 6. TpexMepHYIO CKOPOCTh ITOTOKA MOYKHO IPEICTABUTH B BUJIE
Vi =V, +iV,, =V, explg, ). ¢, =argV, +iV,).

HpI/I‘{CM CKOPOCTH OIPCACIIAIOTCS B BUAC MHTCTpaJIa OT KaCaTCIbHOI'0 YCKOPCHUSA, 110

bopmyre
: Co A Vi Vi)
Vo = [t Ww@du+Vy (to) = [ & (W)—=— du+V, (to) =
3
C A Ve (U) + V()]
du+V, (to),

_ k=1
= t.[ t; (u) du

HNHTerpan OT HOPMAaJbHOIO YCKOPEHUS OIPENEIIeT HOPMAIbHYK) KOMIIOHEHTY

CKOPOCTH, IO GopMmyiie
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_f Vi B+ VeelD) o 3 n(u) IV P,
V, = J W, (u)du = J P du= Sjo (Vi W)}, o0 o )ds =

[Vim |y [t (7) =t (7)1, V), |, = cONst

Vb= v, Econst

)

3 3
> Vi) + Vi =3 Ve (U) + Vi W =V
k=1 k=1

IIpn 3TOM BEJINYUHA JOKAJIbHOU CKOpPOCTH

V,, (75) = 0|V, (1) Z OV, (7y) +1V,, (7o) =V, (7y). T.e. Temo MoxeT IBUTATHCS

MOCTYIATEIbHO C OOJIBIION CKOPOCTHIO, HO MPU 3TOM BpPAILATHCS C APYTrO MHUMOMN
ckopocThlo. Ho mpouHTErpupoBaHHasi OTHOCHTENBHO LIEHTPOCTPEMUTEIIBHOTO

YCKOpEHHsI CKOpPOCTh oTin4yHa oT Hynsa V,(7)# 0, oOpamasch mpu HOCTOSHHOM

2
CKOPOCTH YaCTHIbI U ITOCTOSAHHOM pPamauyCe KPHUBH3HBI, 3a IICPHOJT T= IR , TIe
|V|m |I
2 3
1 _d?x 1 1
BCIIMYUHA R| 3TO IPOCKIMA paauyca KPHBH3HBI —=—,—=Z ——, B HOJIb

IpU 3TOM TEJIO BEPHETCS B MOMEUEHHYIO HauyajabHyI0 TOouky. [Ipu 3Tom Teno Oyxaer
BpamaThCs MO JJUIMNCY. Paauyc KpUBH3HBI JOJDKEH OBITh KOHEYEH, WHAYe

HOpMaJlbHasi KOMIIOHEHTa CKOPOCTH OOpaTUTCs B HOJb. [Ipu mepeMeHHOl cKopocTU

T
YacTUIIBl 3a BpeMsl, KOTJla OJUH U3 HHTErpajioB I |V || dt =0, xoropoe, npu

Iy
KOHCYHOM paanuyCce KPUBU3HBI OAHOIO 3HAKAa TPACKTOPUH, KOHCYHO H PABHO

T R(@)dg VT ds ¥ ds I R
=l oo v v re”
o |Vim(@)] S Vi )] % Vi ()] S R (s) % o(9)

KaCaTCJIbHOC HAIIPpAaBJICHUC t| , IIPU BpAalICHUKN MCHCT 3HAK. Teno moxer JABUI'aTbCA

, TaK KaK

IMOCTYIIAaTCJIbHO Ha q)OHe BpalaTCJIbHOTO ABUKCHUS I10 JJUIMIICY, KOTOPOC IIpU €10

Xa0THYCCKOM XapaKTCpe, ONpCACIACT BKIIA/A B IIOCTYIMATCIbHYIO CKOPOCTh.
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[Ipy MOCTOSHHON MHMMOM 4aCTU CKOPOCTH UMEEM

[V, @du/T = (x =X/ T =V, | | L) -4 @)dr/T =

To+T

= Vi | @)V, |.=00n31'i {] [t@-t@Ndr/ T} = 2m)?

(X (@) =X _2

3
Nnn numeem Z nkz(r) =1. 3HauuT, ABMKECHUE TEJIAa C MOCTOSHHOU
=1

I=1 |V|m |I2 T2 k
KOMILUIEKCHOU CKOPOCTBIO p€aIM3YyCTCA 110 JJIIUIICY.

[Tpu 5TOM BKJIaJ B MOCTYNATENbHYIO YaCTh KOMILJIEKCHOW CKOPOCTH 3a OJIUH 000pOT

AT
BpamieHus: pasen ImV =AV, (S)?Z Vim (S)T,AR,,(S), TIe ucmonp3oBamu CBs3b
AT =Tr,AR,(s). Ilpuuem, ecnu 3Ty cBs3p 3amucarth B 0Oe3pa3MEpHOM BHUJE,

Tv
nonyanm  IMR,, =7,[AR,,(9)]%,7, =¥. [lppueM nMeeM 3Hau€HHE CKOPOCTHU

R?(s) = R*(s,) +[AR,,(9)]?, rne Bemmumna [AR,(S)]° cOOTBeTCTByeT BKIamy B

IMOCTYNATCIbHYO CKOPOCTD. OTKYI[a HMCCM BCIIMYMHY JOIIOJIHUTCIBHOI'O BKJId/la B

IIOCTYNAaTEJIbHYI0 CKOPOCTh 3a CYET MHHMMOM 4YacTH uucina PelHonpaca

R?(S) - R*(sy) =[AR,,(9)]° =ImMR/T1,. OTkyna mMeeM [ONOJHUTENBHbIA BKIAN B

nocrynaresibHyto ckopocts AR (S)=./ImMR/7, .

[Ipu 3TOM TEJIO CMECTHUTCS OTHOCUTEIBHO TOMEYCHHOW HAYalbHOW TOYKH.
UtoOwl cMmemieHne ObUIO CYIIECTBEHHBIM BPAICHHUE TOJDKHO OBITh XAOTHYECKUM.
[Ipuyem, Korga 3TOT TEPHOJ Majl, MO CPaBHEHHIO C BPEMEHEM IIpollecca, 3TO
BpallieHUE BOCIPUHUMACTCSI KaK MHHMOE CpPEIHEKBAJPATHYHOE OTKIOHCHHE
ckopoctd. OTMETHM, YTO TAHTEHIMAIHLHOE YCKOPEHHWE W HOPMAaIbHOE YCKOPECHHE
00pa3yroT CKOpOCTh, KOTOpas HalpaBjieHa MO KacaTeIbHOW K TPACKTOPHH YaCTHIIHI.

TanreHnMaIbHOE YCKOPEHHUE OmpenemnsieTcs mo Gopmyse
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3 V) +V2(D)]/dt.
k=1

Hampasnenue ckopocren AV, ,AV,, OpTOrOHaapHO U HX CyMMa I[PUBOJUT K

HPHPAIIIEHHIO MOJLYJIsI CKOPOCTH JIBUKEHUSI
3 3 3

> (@V)2 =Y [(dV)? +(dVy)?1=Y [dV, +idV, rak -
1=1 =1 |1=1

Z (W) Z [(Wﬂ) +(W|) ]. AuddepenuupyeMbie 1O BpeMEeHH KOMITOHCHTHI
=1

ATUX MPOEKIUN OMPEAEIAIOT TAaHTeHIIMAIBHOE W HOpMabHOE yckopeHue. [Ipu sTom
BBOJIUTCA TIOHSITHE TAHTEHIIMAIBPHOM W HOPMAJbHOW CKOPOCTH, KOTOpPHIE B
JIeKapTOBOM IpocTpaHcTBe He opToroHanbHbel (V,V,)Z0, HO B IIECTUMEPHOM
KOMILJIEKCHOM TPOCTPAHCTBE OPTOTOHAIBHBI U MX MOAYJh KOMIUIEKCHOTO BEKTOpa
V, =V, +iV,, paBeH

3

> VP Z [(Vy)? + (Vy)?] = z IVy +iV,, [

=1

3 3
DTO JOKa3bIBAaeTCS NpeicTaBlIeHHeM Vi :Z Ve, V, :Z V€, © BblUHCICHHEM
1= 1=

MOAYJIA KaK TIPOU3BCACHUA KOMIIIICKCHO COIIPAKCHHBIX BCEKTOPOB C YYCTOM

OpTOTrOHAJIbHOCTH IICCTU ,Z[CﬁCTBHTCJILHBIX OpPTOB.

Wrak, momydyeHo pemieHue ypaBHeHuii HaBbe — CTOKca B cllydae HE KpaTHBIX

MOJIOKEeHUH paBHOBecHs. OHO UMEET BUJL

VD) =Y X0 (0(1)

> I -a®)f = H, (ttp)l =1...2N

=1/[(a° - &)...(a° a7 ™) (&’ - a°™)...(a° - a°)]

['Jie BEJMYHMHBI &° KOOPIMHATHI TIOJI0KEHUS PABHOBECHS .
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.HaMI/IHapHOC PEICHUC COOTBECTCTBYCT KOOPpAMHATAM I10JIOKCHUA PABHOBCCHI,

CTPYKTypa TypOYJICHTHOTO PEIICHUS UMEET BU/T

V(t i
)= nZl kgmg(o gnk(tn>¢() @

Ine 0,(t) wu3BectHas onpeneneHHas HempepbiBHAas (yHKOWsA, BenuuumHa {

OIIPENIeIUTCSl W3 HAYAIbHBIX YCIIOBHH, mpuueM |lim g(t) =co. [Ipuuem pemeHue

t- o
COACPKHUT MHOXKECTBO IIOJIOCOB, KOTOPBIC IJIA HCﬁCTBHTCHBHOFO PCUICHUA IIpHU
I[eﬁCTBHTeHBHBIX HadaJbHBIX JAHHBIX HpI/IBOIUIT K 6CCKOHe‘-IHOCTI/I.

4. ®U3N4EeCKUil CMBICII TOYHOTO PELICHUS

HUrtak, B cmydae TypOyJIEHTHOTO pEIIeHUs, COOTBETCTBYIOMIETO KOMIUICKCHBIM

KOOpArHATaM IOJIOKCHUA PAaBHOBCCHA, MMCCM PCIICHHC

X =a; + [°tanD(t).

[TpuueMm 370 pemieHre uMeeT 0coOeHHOCTD pu yeaosuu D(t) = 71(k +1/2) . Pemenue

B BUAC TAaHI'CHCA UMCCT BU

=a’ + BtanD(h) - i0] =

1 1
HA Z ! D(t) - n(k+1/2)—|0 D(t) - n(k+1/2)+|0]/2+
1 1
+[ — + —1/2+
D(t)-m(k+1/2)-i0 D(t) -k +1/2) +i0
1 — ~S = ~S c _
VAo ez SO AT X AD() - 7k +1/2)]

T.e. oOpazyeTcst MHUMBIN UMITYJBC Cpeibl. MHUMOCTbh CKOPOCTH O3HAYaeT BpaIeHHE

WM KoJiebaHWe TI0TOKa, oOpasyercs BUXph IIOTOKA, KOTOPBHIM dYepe3 BpeMs

AD(t) =7t 2 S Oynetr ynuutoxkeH. U Takux Buxpeit

1- 2Alsml _ﬂl (2A|m|) D (als_alk)

k:_ts
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CYILIECTBYET CUETHOE KoanuecTBO. Ho kak ycpennuth 3TH Buxpu. HyxHO nepentu

BEPOSATHOCTHOW TPAKTOBKE ONUCAaHMA. T.€. yCPEOHUTh MHUMYIO 4acCTh II0 NEPUOLY

s
D(h) - ik + 1/2) ==7i(k + 1/2) = H{[1- 245, = B°A)*[] (8% — & )]/2A5, + const
pos
IIOJTyYrM coriiacHo Gopmyie (2.9)

247

iml .
1-2% - B @] @ a4y
s

A =1/[(a° - &)...a° —a7 ™) (&’ —a°™)...(a° —a°)]

JIOKAJIbHOC KOMIUICKCHOC, CpCIHCC PCHICHUC. I[J'I?I MMOJIYUYCHUA r100aJBbHOTO

X —a’ =inBID,(Hf)/2N =-inB®

CpelHero, Hajo ycpemHuTh 1o Benmumue K w3 pasenctBa D(H[) =7k +1/2),

N
nomyuum <X >-af =if° Y <1/D (H*)> /(2N +1). TTomyuntcss KOMILIEKCHAs
k=N

CKOpPOCTb, MHHMAs 4YacCTb KOTOpOﬁ omnpecaciicHa € TOYHOCTBIO A0 MHOXHUTCIIA.
I[CﬁCTBHTCHBHaH 4acTh KOMILJIEKCHOM CKOPOCTH COOTBETCTBYCT CPCAHEMY 3HAUCHHIO
CKOPOCTH, a MHUMAA YaCTb €€ CPCAHCKBAAPATUIHOMY OTKJIIOHCHUIO.

OTOT MHOKUTEND ), 3aBUCHUT OT CTEIIEHU IIEPOXOBATOCTH IIOBEPXHOCTH, U MOKA
ONPENENseTCs W3  4YMCIEHHOrO JKcnepumeHTta. JUig  Kpyrjiaoro  IJIagKoro
TpyOOIIpoBOJa KaK MOKa3aJl YUCIEHHBIN dKCIIEpUMEHT, OH paBeH ), =1. Ilpu atom y
IJIAJKOT0 TpyOONpoBOa MMEETCSl MOCTOSHHBIM, MUHUMAJbHBIN, CPEAHUNA MOIYJIb
TaHTeHCAa HAKJIOHAa IIEPOXOBATOCTH, paBHBIM Bemmumue tana =1/R. =1/2300,
CBSI3aHHBIA C MOJIEKYJISIPHOM IIEPOXOBATOCTHIO. IIpy 3TOM HMCHONIB3yeTCs OMH 4YJIeH
psna, ONpEACISIONIMI CKOPOCTh ITOTOKA. BpUMCINM 3TO 3HayeHue I OJHOIO

4JICHA psaa B Cliydac FJ'I&,Z[KOﬁ IMOBEPXHOCTHU
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[D,(HX) = 71k +1/2)]/ y; =[const- r(k +1/2) -

S

—hL-24, - 5D (B -ali2a, 1y
k=1
kzs

S

<1/ D, (W) >= - m___
1- 2/‘isml - IBIS (ZAiSmI)ZL_I (a'lS - alk)
s

OTMeTHM, YTO JUIA OJHOTO uiieHa psajga umeeM A, =—1/2[°, npousseneHue paBHO
€IUMHMIIE W 3HAYMT 3HAMEHATEIh PaBeH eauHuIe. Ileproj MOBTOPEHUS UMIIYIIbCa
245

2 K
S S S S
1-2A5 - 57 An) !_I (& -a)
=1
k#s

paBeH T Bknaxg B cpegHee 3Hauy€HUE MHUMOM

YaCTH paBeH KBaJPAaTHOMY KOPHIO M3 MHHMOM 4YacTH C COKpAIarLIMMUCS
245
2 K
S S S S
1-2A5 - 57 An) !_I (& -a)
=1
k#s

T MHOXUTCIIIMHA, ITOJTYYUM

<x >=a’*if’.
YuyTeM NepeMEHHbIM 3HAaK MHUMOM 4YaCTH WCHOJIb3ys KBaJApaTHBIA KOPEHb W3

MHHUMOM YacTH U C BEJIEM MONPABOYHBIA KOAPPULIHUEHT
— S : S .
<X >=a; GV

[Ipu 3TOM MOAYJIb CPEIHETO 3HAYCHUS, ONPEASIAIONINN JeHCTBUTEIHHOE PEIICHUE,

paBeH, [<X >|= \/ (@°)* + B°y? , rie KOOPAMHATHI TOJOKEHNs PABHOBECHS M BPEMs

Ge3pa3MepHbl U onpesensieM BeTBb [° >0, Tak Kak U3 Hee BBIUMCIIAEM KBAJAPATHBIN

KopeHb. Takum o0pazoM, cpeiHee pelIeHre ONPEAeIUTCA OAHO3HAYHO.

OTO 3HAYEHHE ), TOYHO COOTBETCTBYET OHKCIEPUMEHTAIbHOM (opMmyne s

TpyOOINpPOBOJA C KPYIJBIM CEUYEHUEM, €CIH Y4eCTh IIepOXOBaTOCTh pemieHus. [Ipu
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2 . .
stom W ymuoxaercs na Bemmunny [—————1]7 . TIpu HOCTOSHHOI cpeaHeii BHICOTE

+kR, /I

mepoxoBaToctd ko3 duiuent | /K onpenensercs mo ciaoxuoi Gopmyse (1.1.4).
KommiekcHoe perireHue mpy AeHCTBUTEILHOM BPEMEHH U KOMIUIEKCHBIX HAYaabHBIX

YCIIOBUSIX, ONPEAEIIAIONINX 3HaUeHue t,, KOHEUHO.

ITpu sToM popmyma
S t
Z A’ In(x —af)|t0= H, (,t), =1...2N.. (4.2)
s=1

MoskeT conepkaTh TOUKH BETBJIEHHUS, B KOTOPBIX pElIEHUE HEMPEPBHIBHBIM 00pa3oM
MEPEXOAUT B JIPYryl0 BETBb pEUIEHUSA. OIJTO HE MPOTUBOPEUYUT TEOPEME
€AMHCTBEHHOCTH pelienus 3anaun Koy, Tak Kak jeBas yacth auddepeHimanbHoro
YpaBHEHUS CTPEMHUTCS B TOYKE BETBJICHHMS K OeckoHedHOcTH. [IpowsBomnHas oT
npaBoi YacTH 0OBIKHOBEHHOTO AU(depeHIIMaTbHOTO YPaBHEHUS TAK)KEe CTPEMUTCS B
TOYKE BETBIECHUS K OeckoHeuyHocTd. [lomydaercs Touka HE MPOAOIKAEMOTO
pemenusi. Ho 310 perienrne MOXHO MPOIOIHKHUTE C IIOMOIIbI0 popmysl (4.2).
Curyanusa ananormyHa ypaBHeHuto lllpenunrepa, xorma umeercs B oOliemM
Clly4a€ CYETHOE KOJMYECTBO PELIEHUH. DTO HE YIMBHUTEIBHO, BEIAb YpPAaBHEHHE
[lIpenunrepa cBoautcs Kk ypaBHeHuto HaBbe — Crokca. Jlokaxkem 3to. s yero
3anuiieM ypaBHeHue [lpeaunrepa u mnpeoOpasyeM €ro BOCHOJb30BABIIKCH
O O, L Gy
ox’ ox? w 0X,

TOXICCTBOM

/N azlnz/l 1,0y,
i7 e 2m.Z:1: o +Uy = wg[ t//2(0>q) 1+Uy.

Pa3zpenuB Ha Maccy MY/, NoJly4uM ypaBHEHHUE

+U/m.

holng | an nt g 2mw
"m at Zﬂzz: o )~ 22:
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[lommyunM ypaBHEHHE B YaCTHBIX MPOU3BOJHBIX, B3SB TPAJAMEHT OT 00EHMX YacTei

ypaBHEHUsI, BBEJIEM JICHCTBUTEIBHYIO CKOPOCTH 10 Gopmye V = —i n Hingy .
m
. h 2. hi
oi—Ulny 2 3 .. 3 09—0Ulny
m +h2 olnyg oUlny _ |hZ m2 +0U/m
ot m-iZ;  0X 0X 2m{Z X

[ToncraBnsis 3HaUeHHE CKOPOCTHU B IpeoOpa3zoBanHOoe ypaBHeHue lpenunrepa,

I[MOJIy4YUuM

ov, 3 oV 3. 0V i
p_,_ZVI P:VZ ZF’ _6_U/ :E.
ot 15 ox 1T ox oxP 2m

[Tonyuum TpexmepHoe ypaBHeHue HaBbe — CTOKCa ¢ JaBIeHHEM, COOTBETCTBYIOIIUM
noteHuuainy. Ho 3apaya runpoaunaMuky otndaeTcst oT ypaBHeHusa HaBbe — CtoKca,

noJiyaueHHoro u3 ypasuenus llIpenunrepa, ypaBHeHHEM HEPa3phIBHOCTH.

[Ipr 3TOM MOXHO MNPOBECTH AHAIOTHUIO MEXKIY JIAMHUHAPHBIM OJHO3HAYHBIM
PEXKUMOM M KJIACCHUECKUM OJHO3HAYHBIM OMHCAHHEM Tesl. Mexay TypOyJleHTHBIM
PEXKUMOM, HMEIOIIUM CUETHOE KOJMYECTBO PEIIEHUWHA M KBAaHTOBBIM OIHCAHUEM
YacTHl], MMEIOIIUX CYETHOE KOJMYECTBO pelieHuid. B ciayuyae TypOyneHTHOTro
KOMILUIEKCHOIO W JaMUHApPHOIO JIEHCTBUTEIBLHOTO PEKHMMA MEXKIY HUMH HMEETCS
IpaHula, KPUTHYECKOE YnCiIO PeliHonbaca. AHAJIOTMYHAs TPAHULIA UMEETCS MEXKIY
KJIACCHYECKHMM M KBAaHTOBBIM OIMCAHHEM YaCTHUL, COOTBETCTBYIOLIAS MEPEXOIY
SHEPrUM COCTOSIHUS M3 OTPUIATEIBHOIO B IOJIOKHUTEIBHOE COCTOSIHHE. B CBOO
ouepenp ypaBHeHue HaBbe — CTOKCAa JOIKHO UMETh NMCKPETHBIE YPOBHU DHEPTHUU
COCTOSIHUSI TYpOYJIEHTHOTO TMOTOKA, JOJDKHBI PEaNn30BBIBATHCSA MEPEXOJbl MEXKITY
ATUMH COCTOSIHUSIMU C BBIJICJIEHUEM SHEPTUH WU MOIJIOIEHUEM YHEPTHUH.

['paHnily MeXay KIACCUYECKUM OINKMCAHMEM YACTHUIl M KBAHTOBBIM MOKHO

IMPOBCCTHU, ITO ICPCXO0J K KOMIUICKCHOMY KBAHTOBOMY YMCIY, WA OECKOHEYHOCTH
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IIaBHOI'O KBAHTOBOI'O 4YHMCJIa 4TOMa BOAOPOJA. HpI/I 9TOM OECKOHEYHOE KBAHTOBOE

YHCII0 aTOMA BOJOPOJA Yepe3 HyleBOe 3HadeHHe BhIpakeHus 1/N?, rie N riaBHOe
KBAaHTOBOE YHUCJIO, CTAHOBUTCSI MHHUMbBIM, HENMPEPBIBHBIM. JIaMHUHAapHOMY pPELIEHUIO
3aJa4d  TUAPOAUHAMUKH, IIPU KOTOPOM HMMEETCS OJHO3HAYHOE PEUIEHUE,
COOTBETCTBYET BOJHOBas (PYyHKIIMS CBOOOJHOTO IBIIKEHHWS, KOTOpas OJHO3HAYHA,
Opy HenpepbiBHOM sHepruu. llpuueM mnpu OOJBIIOM KBAHTOBOM YHCIE CHUCTEMA
SBJISICTCSI  KBAa3WKIJIACCUYECKOH, T.e. OJIM3KO K TPAaHUYHOMY KBAaHTOBOMY YHCIY,
paBHOMY O€CKOHEUHOCTH, CUCTEMa MOYTH KJIaCCUYECKasl.

[Ipuyem uMeeTcss TpaHUIA, MEXAY CBOOOAHBIM PEIICHUEM, U PEIICHHEM,
OTNUCBHIBAIOIINM CBSI3aHHBIE COCTOSIHHS. DTO HYJIEBOE 3HAYEHUE DHEPIHM, KaK U B
HEJIMHEWHBIX YPAaBHEHUSAX B YACTHBIX IMPOU3BOJHBIX, CYIIECTBYET TPAaHULIA MEKIY
TypOyJICHTHBIM KOMIUICKCHBIM PEIICHHEM W JIAMHHAPHBIM  JIEHCTBUTEILHBIM
pelIEHUEM.
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